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Performance and functional fibres and textiles is 
a very broad term and it includes any high-performance 
fibre material that meets a special need or exhibits a 
unique performance property. High-performance fibres are 
manufactured fibres. They are not a mere alternative to 
natural fibres, but are new materials of high functionality 
and high performance which play a key role in the field of 
high technology. These new materials can be designed and 
produced according to the nature of their utilisation.
Tensile strength is often the determining factor in choosing 
a fibre for a specific need. As shown in Figure 1, the tenacity 
and modulus of manufactured fibres for high-performance 
fibres should be greater than 3 GPa (20 g/den) and 50 GPa 
(330 g/den) (Hearle 2001; Scott 2005) respectively. Therefore, 
high-performance fibres are extremely strong (high-tenacity) 
and stiff (high-modulus), most of which may not find a market 
in clothing, furnishings and other household uses, except 
where some technical requirement, such as protection from 
bullets or fire, takes precedence over comfort and fashion.
 CENTRE FOR MATERIAL AND FIBRE INNOVATION 3
This report reviews the properties and applications 
of some fibre and textile materials that have special 
performance and functionalities, that is, performance 
and functional fibres and textiles. There are many 
definitions of ‘fibre’ and ‘textile’, though their meanings 
are all similar. For example:
Fibre: Textile raw material, generally characterised by 
flexibility, fineness and high ratio of length to thickness (Denton 
& Daniels 2002).
Textile: A textile was originally a woven fabric, but the terms 
textile and the plural textiles are now also applied to fibres, 
filaments and yarns, natural and manufactured, and most 
products for which these are a principal raw material (Denton & 
Daniels 2002).
Fibre: Any substance, natural or manufactured, with a high 
length-to-width ratio and with suitable characteristics for 
being processed into fabric; the smallest component, hairlike 
in nature, that can be separated from a fabric (Kadolph & 
Lanford 1998).
Textile: A term originally applied only to woven fabrics, now 
generally applied to fibres, or products made of fibres, yarns, or 
fabrics (Kadolph & Lanford 1998).
There are no specific definitions of performance and functional 
fibres and textiles. It has been stated that:
1 Introduction – definitions and scope
In a sense, all fibres except the cheapest commodity 
fibres are high-performance fibres (Hearle 2001).
The term ‘high-performance’ or ‘high-strength’ 
fibres is a relative term and from a product point of 
view it refers to an acceptable performance in its 
end use under some special conditions (Yang 1989).
High-performance fibres are driven by special 
technical functions that require specific physical 
properties unique to these fibres (Industrial Textile 
Associates <www.intexa.com>).
Performance clothing is a testing ground for new 
innovations due to the demanding nature of the 
functionalities required from the systems.  
(Scott 2005)
Figure 1 Strength and stiffness of manufactured fibres for different  
  performance (data from Hearle 2001 and Scott 2005).
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As shown in Figure 2, fibres and textiles are diverse materials, embracing a wide range of products and applications, among which 
textiles may be divided into regular textiles (for basic human needs, such as the traditional clothing and household uses) and special 
textiles (for technical performance and functional properties). Such special textiles are commonly known as technical textiles.
Technical textiles find applications in many sectors, such 
as aerospace, manufacturing, marine, military, safety, 
transportation, construction and land management. David 
Rigby Associates have classified technical textiles into 12 
main application areas as shown in Table 1.
Technical textiles make up about 40% of all textile industry 
output worldwide (CSIRO 2009). The growth rate of technical 
textiles in the world is expected to be around 4% per year, 
which is much greater than that of the home and apparel 
segment of the textile industry, which is only expected to be 
1% per year. Traditionally, technical textiles are manufactured 
mainly for their technical performance and functional 
properties rather than decorative purposes. However, 
aesthetic values can easily be applied to almost all technical 
textile design; for instance, sportswear can be technical and 
highly styled.
Figure 2 The fibre wheel (Nigel Johnson, Keith Cowlishaw, Xungai Wang, Peter Kreitals & Lachlan Caddy).
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Application area 
Agrotech  
 
 
Buildtech 
Clothtech 
 
Geotech 
 
Hometech 
 
 
Indutech 
 
Medtech 
 
 
Mobiltech 
 
Oekotech  
Packtech  
 
Protech 
 
Sporttech 
Brief description  
Agricultural textiles (including 
horticulture, forestry and fishing)
Construction and architectural 
textiles 
 
 
Functional textile components of 
clothing and footwear
Geotextiles and civil engineering 
textiles
Functional textile components of 
furniture, household textiles and 
floor coverings
Industrial textiles (including 
filtration, hoses, cleaning)
Medical textiles (including health 
and hygiene)
 
Transportation textiles (road, rail, 
marine and aerospace)
Environmental and safety textiles 
Packaging textiles (including 
industrial and consumer 
packaging)
Protective textiles (personal and 
property) 
Sports (and leisure) textiles
Examples 
Crop cover and protection, capillary matting, nets, screens, 
ropes, cordage
Tarpaulins, sound proofing, damp courses, heat resistance 
and insulation, pipe linings, awnings, marquees, canopies, 
roofing, hoardings, scaffold nets, housewrap, fibre reinforced 
composites
Interlinings, waddings, shoe laces and components, sewing 
threads, fasteners, labels insulating fill, waterproofing
Ground stabilisation, soil reinforcement, pit linings, erosion 
control, materials separation, filtration, drainage
Wipes, filters, bedding materials, furniture components, curtain 
and carpet backings, sewing threads, fibre-reinforced plastic 
materials
Filtration, cleaning, belting, hoses, brushes, abrasives, 
composites, seals and gaskets, ropes, coated fabrics
Implants, scaffolds, wound care, dressings, hygiene products 
such as wipes, diapers, pads, gowns, drapes, sterile packaging, 
and medical mattresses
Tyre cord, hoses, belts, air bags, filters, internal furnishings, 
insulation, composites, ropes
Housewrap, filters, erosion control, insulation, mopping up oil 
spills
Sacking, packaging, wrapping and tying
 
 
Spacesuits and clothing to protect against exposure to dust, 
flame, heat, radiation, biological and chemical agents, harmful 
gases, sharp objects and bullets
Boats, rackets, bicycle frames, sailcloth, air sport fabrics, bags, 
ropes, nets, equipment made from composites, camping gear
Table 1 The main application areas of technical textiles.           
Functional textiles include any textile having new functions and 
non-traditional characteristics introduced by chemical or physical 
modifications. They are mainly for higher value-added apparel and 
home uses. Breathable and waterproof textiles, anti-bacterial 
textiles, heat-generating textiles, and safety and protection 
textiles are examples of functional textiles. 
Smart/intelligent textiles, a subset of performance and functional 
textiles, are ‘textiles that are able to sense stimuli from the 
environment, to react to them and adapt to them by integration 
of functionalities in the textile structure. The stimulus as well 
as the response can have an electrical, thermal, chemical, 
magnetic or other origin’ (Langenhove & Hertleer 2004). Clothing 
for thermoregulation and health monitoring as well as wearable 
electronic textiles are common examples of smart textiles.
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2 Market Prospects
The textile market has been one of the two most dynamic 
markets in the world for the past two decades (the 
other being electrical and electronic goods). It provides 
employment opportunities for more than 40 million people 
worldwide.
Global demand for textile fibres of all types grows at an 
overall rate of more than 3% per annum (Figure 3) and the 
current world textile and apparel trade is approximately 
0.5 million tonnes (Figure 4). The global consumption 
of manufactured fibres was 39.7 million tonnes in 2005, 
of which China consumed nearly 18 million tonnes (PCI 
Fibres 2009). Technical textiles is one of the fastest-
growing and changing areas of the global textile and 
apparel industry. The global usage of technical fabrics 
for apparel is expected to increase steadily over the 
next few years with market volume and value set to 
increase by 23% and 17% respectively. These increases 
will be due to the increasing market penetration of more 
technical fabrics such as Kevlar® and Nomex® into 
mainstream apparel, either as a blend or as a stand-alone 
garment (Research and Markets 2009).
Recent textile market trends indicate that consumers 
are demanding improved materials that are stronger, 
lighter, smarter, easy to care for and more fire 
resistant. With time, high technology (high-tech) fibres/
textiles have successfully advanced to support those 
needs. High-tech textiles mean high-value-added 
products such as nanofibres, and high-performance 
and high-function fibres/textiles such as carbon fibre 
and advanced composites. Therefore, high-tech fibres 
and textiles are fibre materials produced by applying 
the newer developments in science and technology, 
which are superior to those produced by conventional 
manufacturing technology. In this context, high-tech 
textiles represent advanced technical textiles and 
functional textiles (including smart textiles) that have 
high performance and functionality with high value-
adding. As most high-performance fibres end up being 
used in high-tech textiles, high-performance fibres form 
a major part of this report.
In this report the term performance and functional 
fibres and textiles refers to advanced textiles (including 
fibres) that have high value adding, high performance 
and high functionality compared to traditional textiles. 
They represent an emerging generation of products 
combining the latest developments in advanced 
flexible materials with advances in computing 
and communications technology, biomaterials, 
nanotechnology and novel process technologies for 
materials. This report provides an overview of the 
properties, products and end uses associated with 
some of the most common high-performance fibres and 
textiles used under extreme conditions. It also presents 
some application examples of high-tech textiles for the 
purpose of enhancing quality of life.
The performance textiles market is one of the fastest growing 
sectors of the international textile and clothing industry. It was 
estimated that in the European Union, the sports textile market 
alone is worth more than €35 billion in 2003 (Shishoo 2005). In 
the US, the sports textile market is worth around US$46 billion. 
However, the Australian performance and functional textile 
market is relatively small due to Australia’s limited population.  
This report will help the user to:
•	 understand	the	basics	of	performance	and	functional	 
 fibres and textiles
•	 follow	the	fast	growing	hi-tech	textiles	market
•	 learn	from	examples	presented	and	identify	future		  
 business opportunities.
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Figure 3 World fibre annual consumption (data from PCI Fibres).      
Figure 4 World textile and apparel trade data and trend (data from MacDonald et al. 2004).    
2 Market Prospects
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Classification of high-performance fibres
High-performance fibres are typically used under special 
conditions involving high tensile or compression loads, high 
temperatures, or hostile environments. Such fibres often 
display characteristics such as dimensional stability, light 
weight, high electrical conductivity/insulation, and good 
thermal and solvent resistance. These high-performance 
fibres can be divided among many categories: 
•	 Aromatic	polymeric	fibres,	including:	
– aromatic polyamides: such as Nomex®, Kevlar®   
 developed by DuPont, and Twaron® by Teijin Aramid.
– aromatic polyesters: such as Vectran® from Celanese  
 Corp. 
– aromatic heterocyclic polymers: such as Polybenzimidazole  
 (PBI) by Celanese Corp., Polybenzobisthiazole (PBT) by  
 Celanese and DuPont and Polybenzobisoxazole (PBO) by  
 Toyobo Co. Ltd.
•	 Polyolefin	fibres:	Gel	spun	polyethylene	known	as	Ultra	 
 High Molecular Weight Polyethylene by Honeywell, and  
 high-performance polyethylenes (HPPE) such as Spectra® 
 and Dyneema®.
•	 Carbon	fibres:	Polyacrylonitrile	(PAN)	carbon	fibre	or	
pitch-based carbon fibres. 
•	 Inorganic	fibres:	boron	fibre,	silicon	carbide	fibre	and	so	on.
•	 Nanofibres	and	other	specialty	fibres.
High-performance fibres are generally classified as those 
that exhibit high specific strength (tensile strength to weight 
ratio). High-strength fibres such as Zylon® PBO, Kevlar® 
and Vectran® are characterised by their high strength-to-
weight ratio. They are used to produce high performance 
products such as cables and ropes, preforms for composites, 
bulletproof vests, cut-resistant articles, firefighter gear, 
airbags, and tendons for giant balloons. Their high strength, 
flexibility, and low density make them especially suitable 
as ballistic-resistant materials, such as body armour and 
lightweight armour for military vehicles. Inorganic fibres, such 
as boron and silicon carbide fibres are capable of operating at 
very high temperatures (e.g. gas turbines, heat exchangers). 
Extreme environments encountered in space, or inside high-
temperature propulsion systems for example, are fostering 
the advancement of ceramic fibres.
The development of high-performance fibres such as 
carbon fibre and Kevlar® has opened up a wide range 
of possibilities for advanced engineering applications 
such as composites, components of space suits and 
vehicles, body armours, artificial arteries, and many 
others. In most industrial uses, the strength of the 
fibre or textile used is a major design criterion, and it 
depends on the resistance of fibres to failure under the 
imposed combinations of stress and environmental 
conditions. This section presents some examples of 
high-performance fibres and yarns.
3 High-performance fibres 
 and yarns
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High-strength fibres are said to have high tenacity or breaking stress. Tenacity describes the strength of the fibre normalised by 
its weight; it is usually measured in N/tex, where tex is the fibre or yarn linear density – the mass (g) per unit length (1000 m). 
Stress refers to the amount of pressure that can be taken by a cross-section or volume of a fibre, and is measured in GPa. Figure 
5 shows the specific tensile stress and modulus (resistance of fibre-to-stretch) of some high-strength fibres. The arrows and 
open circles for Spectra® 900 and Spectra® l000 in Figure 5 (A) indicate the improvements in properties with increasing rate 
of deformation (Kavesh & Prevorsek 1995). This strain-rate effect is unique with the polyethylene based fibres. Most steel fibres 
have a tensile strength of less than 2 GPa, and the strongest steel fibre resists no more than 5.5 GPa. Steel fibre normally is not 
used as high-strength fibre for textiles as it is dense (7.85 g/cm3) and its strength-to-weight ratio is low (Figure 5). As indicated in 
Figure 5 (B), the most commonly used high-performance fibres are HPPE, PBO, aramids (including meta-aramid and para-aramid) 
and carbon fibres.
Figure 5 Specific tensile strength vs specific modulus (specific tensile strength = strength/density; specific tensile modulus = modulus/density)  
  (data from Kavesh & Prevorsek 1995, Hearle 2001 and Scott 2005).
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A main driver for the growth of high-performance 
fibres has been the need for such fibres to increase 
the chance of survival for soldiers and others in war 
zones or in terrorist attacks. Military combat uniforms 
that offer flame-resistant and thermal protection from 
sudden intense heat caused by explosive devices and 
other dangers help save lives while keeping soldiers 
comfortable. In addition, the ever-growing end uses in 
communications, transportation, transmission, leisure 
and sports, wind farms, life protection, and health and 
safety in general have tremendously accelerated the 
demands of high-performance fibres.
Except for E-glass, which is produced in large 
quantities for the large market for glass fibre 
reinforced plastics, all the high-performance fibres 
reviewed in this report are commercially produced in 
comparatively small quantities by a limited number 
of manufacturers of each type of fibre. All the high-
performance fibres have their specialised markets 
where their superior properties justify a relatively 
high price.
Figure 6 Chemical formulas for para-aramid (left: Kevlar®) and meta-aramid (right: Nomex®) (based on Hearle 2001).
High-performance fibres
Tensile strength is often the determining factor in choosing a fibre for 
a specific need. High-strength fibres have a high strength-to-weight 
ratio and are used in applications where superior performance is 
needed. For instance, para-aramid fibre offers six to eight times 
higher tensile strength and more than twice the modulus of steel at 
only one-fifth the weight. High-strength fibres are required in the 
manufacture of many high-performance products such as bulletproof 
vests, ropes and cables, cut resistant products, load tendons for giant 
scientific balloons, fishing rods, tennis racket strings, parachute cords, 
protective apparel and tyres. In many of these applications, products 
face harsh environmental conditions such as high temperature, 
humidity, harmful strong chemicals, high-energy solar radiation, 
variations in air pressure, and abrasion from external sources. In 
determining ballistic performance, modulus is generally understood to 
be much more important than tensile strength.
Aramid fibres
Kevlar® and Nomex® are soft man-made fibres by DuPont. They are typical aromatic polyamide-based fibres, in which the fibre-
forming substance is a long chain synthetic polyamide, and the amide (–CO–NH–) linkages are attached directly to two aromatic 
rings as shown in Figure 6. Their properties can be summarised as high tensile strength at low weight, low elongation to break, 
high modulus (structural rigidity), high chemical resistance, high toughness (work-to-break), excellent dimensional stability, high 
cut resistance and flame resistance. While Kevlar® has been widely employed in the field where light weight and strength really 
matter, the meta-aramid fibre Nomex® has opened up new horizons in the field of thermal and electrical insulation.
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According to DuPont, Kevlar® is more than five times as 
strong as the same thickness of steel, combining great 
strength with light weight. Kevlar® can be used in a wide 
variety of applications, from tyres to protective gloves, fibre 
optics to aircraft construction, gaskets to racing shoes, life 
protection to boats. There are many grades of Kevlar® 
available: for example, Kevlar® 29 (all-purpose yarn), 
Kevlar® 49 (high modulus yarn) and Kevlar® 149 (ultra-high 
modulus yarn). Table 2 shows the differences in some of the 
material properties among the different grades of Kevlar® 
fibres. It is estimated that the global production capacity for 
p-aramid fibres was around 56,000 metric tonnes at the end 
of 2006. In comparison, the realisable capacity for carbon 
fibres is only around 27,000 metric tonnes.
Table 2 Properties of different grades of Kevlar® fibres.       
Kevlar® grade Density  Tensile strength  Tensile modulus  Elongation at break (%)
   (g/cm3)  g/denier (cN/dtex) g/denier (GPa) 
 29   1.44   42.1 (37.3)  970.27 (85.9)   4.0 
 49   1.44   42.1–47.9 (37.3–42.4) 1531.39 (135.5)   2.8 
 149   1.47   39.7 (35.2)  2174.34 (129.4)   2.0 
Kevlar® is best known for its application in the field of bullet-resistant personal body armour to protect law enforcement officers, 
corrections officers and military personnel against multiple weapon threats. Kevlar® cut-resistant gloves and protective apparel 
protect users who are exposed to a variety of cut, abrasion and high-heat hazards. The Kevlar® honeycomb core made with 
Kevlar® fibre consists of a series of hexagonal cells similar in appearance to a cross-sectional slice of a beehive (Figure 7). 
Structurally strong, the honeycomb panel is exceptionally light, containing 90–99% open space, and thus providing remarkable 
weight savings. It is reported that foam insulation reinforced with Kevlar fibre could enhance the performance of the thermal 
protection for use in a variety of future spacecraft.
Figure 7 Panel of honeycomb core.  
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Twaron® is a para-aramid product from Teijin Aramid, who 
also supplies other aramid products including the brand names 
of Technora®, Sulfron® and Teijinconex®. Teijin Aramid has 
around 50% of the aramid product market share worldwide. 
Like Kevlar® fibre, Twaron® is applied in a number of 
applications in the automotive industry, protective (bullet, 
fire and cut resistant) clothing, optical fibre cables, and civil 
engineering and construction industries.
Nomex® brand fibres resist heat, flame and chemicals, 
making them ideal for fire-resistant clothing, thermal 
insulation and industrial filters. DuPont claims that Nomex® 
brand fibre helps users perform to their fullest potential in the 
most extreme conditions imaginable with incredible lightness 
and durability. Nomex® is also used for electrical insulation 
in transformers, motors, generators and other electrical 
equipment, and high-temperature filtration applications for 
pollution control.
Industrial apparel made from Nomex® provides thermal 
protection against the threat of flash fire and electric arc plus 
comfort and durability. Nomex® work apparel offers primary 
flash fire protection at a low-cost. Nomex® racing apparel 
protects racing professionals from flash fires that result from 
both on-track collisions and pit accidents. Nomex® products 
also allow the creation of interiors while still meeting 
changing fire regulations.
Table 3 Specifications of some para-aramid filaments and yarns.       
 Material  Nominal tensile strength Nominal tensile modulus Applications
 Intermediate  
 modulus yarns  ~200 cN/tex  ~5500 cN/tex  Cables and cordage requiring high tensile  
          strength and moderate modulus of   
          elasticity in tension
          Woven fabrics for ballistic applications  
          requiring  high tensile strength and   
          moderate modulus
 High modulus  
 yarns  ~2689 MPa or 23.8 g/d ~121 GPa or 950 g/d General purpose composites requiring 
          high tensile strength and high modulus of  
          elasticity in tension
          Woven fabrics requiring high tensile   
          strength and high modulus of elasticity in  
          tension
 High modulus  
 rovings  ~2758 MPa or 22.7 g/d ~114 GPa or 935 g/d Filament winding requiring high tensile   
          strength and high modulus of elasticity in  
          tension
GlobalSpec (2009)
As raw materials, there are various types of aramid filaments 
and yarns with different finishes. Each type has a minimum 
tensile strength and modulus requirement for its designated 
applications. Table 3 shows some examples extracted from 
SAE International.
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Aramid finds its application in numerous markets, such 
as automotive (tyres, hoses, belts), aerospace, civil 
engineering, construction, leisure goods (e.g. boats), 
protective clothing (bullet-, fire- and cut-resistant 
clothing), optical fibre cables and more. Figure 8 illustrates 
the end-use market segments of aramids, including 
composites, protective apparels, tyres, mechanical rubber 
goods, friction products and gaskets, ropes and cables, 
and life protection. Diverse aramid market segments are 
expected to continue to evolve because of ever-growing 
demands for communications, including transportation as 
well as transmission, leisure and sports, life protection, 
and health and safety in general.
Figure 8 Applications of para-aramid fibres (Hearle 2001).        
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PBO (poly-phenylene benzobisoxazole)
As shown in Figure 9, the five-membered rings on either side 
of the benzene ring in the PBO formula give a stiffer chain 
molecule. The character of PBO fibres is generally similar to 
that of aramids, but the modulus and strength are higher than 
aramids.
Figure 9 PBO fibre chemical structure (public domain).  
Toyobo claims that Zylon®, a commercial name of PBO fibres, 
is the strongest man-made fibre and one of the highest 
performing fibres in the world. Zylon® is stronger than steel 
and twice as strong as Kevlar®. It has a remarkably high 
modulus – also twice as high as Kevlar®. When incorporated 
into a properly designed and manufactured bullet-resistant 
vest, Toyobo also claims that Zylon® can offer better ballistic 
protection than any other known material. Zylon® was used 
by NASA as the fibre in the cables supporting the NASA 
landing vehicles that recently landed on Mars. In ballistic 
applications, Toyobo believes that Zylon® is the safest, 
lightest and best bullet-resistant fibre available in the world 
today. It can be used to create the lightest and thinnest vest 
possible today. Zylon® is flame resistant, and burns only 
when exposed to atmospheric conditions consisting of at 
least 68% oxygen, a state not naturally encountered in the 
Earth’s atmosphere (oxygen comprises 21% of the air). Zylon® 
decomposes only at temperatures in excess of 650°C. Table 4 
lists some properties of Zylon® filament.
Table 4 Properties of Zylon® filament.          
 Properties Zylon® as spun Zylon® high modulus
 Filament dtex 1.7 1.7 
 Density (g/cm3) 1.54 1.56 
 Tenacity (cN/dtex) 37 37 
 Tensile modulus (cN/dtex) 1150 1720
 Elongation at break (%) 3.5 2.5 
 Moisture regain (%) 2.0 0.6 
 Decomposition temperature (°C) 650 650 
 Limiting oxygen index (LOI)* 68 68 
*A LOI greater than 25 is said to be flame retardant.
Toyobo (2009)
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Zylon® has numerous applications and diverse end-
products including: 
•	 Sporting	goods:	tennis	racket	strings;	high	 
 tension ropes, sailcloth, fishing rods, bicycle  
 spokes, racing suits, racing cars, jeans, and golf  
 equipment.
•	 Protective	clothing:	protective	clothing	for	 
 firefighters, racing suits, racing helmets, safety  
 gloves, heat-resistant clothing, body armour and  
 protective gloves for electric works.
•	 Aerospace:	balloons,	aircraft	engine	fragment	 
 barriers and satellites. 
•	 Industrial	materials:	heat	resistant	felts,	optical	 
 fibre cables, slings, cable jackets for welding machines,  
 reinforcement for belts and tyres, and reinforcement for  
 cements. 
•	 Others:	speaker	cones,	sewing	thread,	and	protective	 
 rubber gloves for high voltage.
Similar to Zylon®, Polybenzimidazole (PBI) is also a type of 
aromatic heterocyclic polymer, but is best suited to high-
performance protective apparel in applications where fire 
resistance is important, such as firemen’s turnout coats and 
astronaut space suits. PBI fibre characteristics are:
•	 No	melting	point.
•	 Will	not	ignite.
•	 Retains	fibre	integrity	and	suppleness	upon	flame	 
 exposure.
•	 High	char	yield.
•	 Dyeable	to	dark	shades	with	basic	dyes	following	caustic	 
 pre-treatment.
•	 Mildew	and	age	resistant.
•	 Abrasion	resistant.
Fluorocarbon fibres and finishing
Fluoropolymer fibres, yarns and films are based on totally or partially fluorinated carbon-chain polymers and copolymers. 
They are resistant to chemicals, active media, open flames and weather, and are biostable and bioinert (Perepelkin 2004). 
Polytetrafluoroethylene (PTFE) fibres, such as Teflon® from DuPont or Toray Fluorofibers America, offer a unique blend of 
chemical and temperature resistance, coupled with a low friction coefficient. PTFE is virtually chemically inert, and is able to 
withstand exposure to extremely harsh environments, including chemical processing with strong corrosive, oxidative or acidic 
chemicals. The coefficient of friction for PTFE fibres and fibre materials with respect to metal is very low, making the fibres 
suitable for a wide range of applications such as filtration, bearing replacement, and release material when stickiness is a 
concern. PTFE fibre has low flammability (Table 5) and low dielectric constant, making it a high-performance electrical insulator 
that is abrasion resistant. PTFE yarns can be used in applications from aerospace and aviation, automotive, construction 
equipment and industrial bearings to filtration fabrics, sewing thread and protective apparel. According to Toray Fluorofibers 
America, bleached Teflon® brand fluoropolymer fibre is one of the most fire-resistant organic fibres, and special garments 
containing the fibre have been used by space shuttle crews for extra-vehicular activities.
In 1969, Bob Gore discovered expanded PTFE (ePTFE), which has been commercialised under the trademark GORE-TEX®. Recent 
developments from the ePTFE Fiber Research Group of W. L. Gore & Associates include textured fibre surfaces where required, 
ePTFE fibres with controlled modulus and density, plus capabilities to incorporate different fillers in the fibres.   
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Table 5 Properties of PTFE fibre.
 Property
 
 Density (g/cm3)  2.15–2.2
 Tenacity (cN/tex)  10–18
 Elongation at break (%)  20–40
 Shrinkage at 180°C (%)  2–6
 Limiting oxygen index (%) 95
 Friction coefficient (to metal) 0.02–0.08
 Operating temperature (°C) 260
 Moisture content (%)  0
 Specific properties  Hydrophoby, high antifriction 
     and dielectric indexes, high  
     chemical stability (resistant 
     to solvents, strong acids  
     and bases, and oxidants),  
     weatherproofing,   
     incombustibility,  
     biostability and  
     bioinertness
Perepelkin (2004)
PTFE fibre’s low tensile strength and friction 
coefficient (Table 5) makes the fibre difficult to process 
and difficult to blend with other fibres. PTFE material 
has been made into breathable, porous membranes 
laminated to fabrics for protective uses. In addition, 
Teflon® Fabric Protector, a fluorochemical finishing 
product, can also be used to coat fabrics for stain 
protection, as shown in Figure 10.
 
 
 
Figure 10 Performance of Teflon® stain repellence. 
 
 
 
The fluorinated finish renders the fabric water- and oil-repellent
Untreated Treated
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Carbon fibre
Carbon fibre is a high-tensile material made by heating rayon 
or polyacrylonitrile fibres or petroleum residues to appropriate 
temperatures. Although the atomic structure of carbon fibre 
is similar to that of graphite, the chemical bonds between the 
atoms are different, giving carbon fibre much greater strength. 
A carbon filament thread is a bundle of thousands of carbon 
fibres, and each fibre may be only 5 to 8 microns in diameter. 
The density of carbon fibre is 1.75 g/cm3. It has high electrical 
and low thermal conductivity. Prices for carbon fibres range 
from US$18/kg for low grade heavy tow to US$1000/kg for 
high grade fine tow (Hearle 2001).
Carbon fibre has been widely used in fibre reinforced composite 
materials in the aerospace industry, high-performance vehicles, 
sporting equipment and wind farms.  The carbon fibre industry 
is currently growing at 25% per annum, and much of this 
growth is in non-aerospace applications. Carbon fibres for 
different applications have their minimum tensile strength and 
modulus. Table 6 shows some examples from SAE International.
Table 6 Specifications of some carbon tapes and fibres.     
 Material   Nominal  Nominal Applications
  tensile  tensile   
  strength  modulus  
Carbon fibre tape and sheet epoxy resin 
impregnated G 70,000 (483) tensile, 
36,000,000 (248) modulus, 175 (347) 
Carbon fibre tape and sheet epoxy resin 
impregnated G 131,000 (903) tensile, 
25,000,000 (172) modulus, 175 (347)
Carbon fibre tape and sheet epoxy resin 
impregnated G 200,000 (1379) tensile, 
21,000,000 (145) modulus, 175 (347)
Carbon fibre tape and sheet epoxy resin 
impregnated G 90,000 (621) tensile, 
40,000,000 (276) modulus, 175 (347)
Carbon fibre tape and sheet epoxy resin 
impregnated G 90,000 (621) tensile, 
40,000,000 (276) modulus, 80 (176)
Tow or yarn, carbon fibres for structural 
composites GF 300 (2068) tensile 
strength, 75 (517) tensile modulus
Tow or yarn, carbon fibres for structural 
composites GF 220 (1517) tensile 
strength, 75 (517) tensile modulus
Tow or yarn, carbon fibres for structural 
composites GF 400 (2758) tensile 
strength, 40 (276) tensile modulus
Tow or yarn, carbon fibres for structural 
composites GF 325 (2241) tensile 
strength, 57 (393) tensile modulus
Tow, carbon fibre for structural 
composites 730 (5033) tensile strength, 
41 (283) tensile modulus
GlobalSpec (2009)
483 MPa 
 
903 MPa 
 
1379 MPa 
 
621 MPa 
 
621 MPa 
 
2068 MPa 
 
1517 MPa 
 
2758 MPa 
 
 
2241 MPa 
 
5033 MPa
248 GPa 
 
172 GPa
 
 
145 GPa
 
 
276 GPa
 
 
276 GPa
 
 
517 GPa
 
 
517 GPa
 
 
276 GPa
 
 
393 GPa
 
 
283 GPa
Primarily for use in structural composites requiring 
high modulus up to 175°C 
Primarily for use in structural composites requiring 
high tensile strength up to 175°C 
Primarily for use in structural composites requiring 
high tensile strength up to 175°C 
Composites requiring very high modulus of 
elasticity in tension and high tensile strength up to 
175°C
Composites requiring very high modulus of 
elasticity in tension and high tensile strength up to 
80°C
Composites requiring very high modulus of 
elasticity and moderately high tensile strength 
Composites requiring very high modulus of 
elasticity and moderately high tensile strength 
Composites requiring high tensile strength and 
moderately high modulus 
Composites requiring moderately high tensile 
strength and high modulus 
Structural composites requiring high tensile 
strength and high modulus
Fibrous active carbon is produced from cellulosics through 
carbonisation and activation processes. Cellulosics are burnt 
at a relatively low temperature (200–300°C) into carbon and 
produce a carbon fibre. The carbon fibre is then activated by 
treatment with carbon dioxide and steam to form fine pores, 
which exhibit a better adsorption quality owing to a larger 
contact area with air or liquids compared with conventional 
granular active carbon. Fibrous active carbon can be 
converted into woven, knitted or nonwoven fabrics. They have 
found many applications, including pollution prevention and 
decontamination. For example, fibrous active carbon fabrics 
are effective materials for individual personal protection by 
filtering and destroying chemical and biological agents.
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Glass fibre
Glass fibre is an inorganic man-made fibre. It is incombustible 
and tolerates heat up to 538°C without material damage. 
Glass fibre is brittle, has high tensile strength, high electrical 
and insulation resistance, and low moisture absorption. It 
is widely used for reinforcing thermoplastic composites, 
heat and electrical insulation, filter cloth for chemical and 
dye industries, high strength fabrics and boat frames, and 
fireproof draperies. Because of its brittleness, it is not 
used in wearing apparel or in household fabrics that have 
to withstand frequent flexing. Common end uses for glass 
fibre are mats, corrosion resistant fabrics, residential heat-
insulating material and fibreglass reinforced thermoplastics 
for use as industrial materials. The ingredients normally 
used in making glass fibres are silicon dioxide, calcium oxide, 
aluminium oxide, boron oxide, plus a few other metal oxides. 
The following are typical glasses for fibres:
A  Alkali-containing glass composition (half the   
  strength of E-glass).
AR  Alkali-resistant, for reinforcing cement.
C  Chemically-resistant glass composition.
E  Standard uses; this composition has high electrical  
  resistance.
HS  High strength, magnesium-alumina-silica glass.
S  Composition similar to HS glass.
More than 99% of continuous glass fibres are spun from an 
E-glass formulation. Because of the scale of manufacture, 
E-glass dominates in practice and has been widely used in 
many textile applications. Table 7 compares the mechanical 
properties of E-glass with AR-glass and S-glass fibres.
Table 7 Properties of glass fibres. 
   
 Properties E-glass AR-glass S-glass
 Density (g/cm3) 2.53 2.74 2.48
 Tenacity (g/d) 35 46 35
 Tensile (g/d) 524 1250 620
 Elongation at break (%) 4.8 2 5.4
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High-performance polyethylene (HPPE)
HPPE fibres are typically commercially produced from ultra-high 
molecular weight polyethylene under the trade names Dyneema® by 
DSM High Performance Fibers in the Netherlands and by the Toyobo/
DSM joint venture in Japan, and Spectra® by Honeywell (formerly 
Allied Signal or Allied Fibers) in the US. Unlike normal polyethylene 
fibres that are spun from the melt, the HPPE fibres use a gel-spinning 
process by dissolving the ultra-high weight polyethylene molecules 
in a solvent to lower the solution molecule viscosity and degree of 
molecule entanglement, and then spinning the molecules through a 
spinneret. Compared to regular polyethylene (Figure 11), the gel-spun 
fibres are characterised by a high degree of chain extension, parallel 
orientation greater than 95% and a high level of crystallinity (up to 
85%). This gives the fibres very high tenacity and modulus.
HPPE fibres have a unique and exceptional combination of strength, 
modulus and toughness at low weight. As shown in Figure 12, 
compared with some other fibres, HPPE fibres not only save weight 
but also volume in achieving the same strength.
Figure 11 Macromolecular orientation of HPPE (left)  
  and normal PE (right: crystallinity < 60%)  
  (Hearle 2001).
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Figure 12 Strength based on weight vs strength based on volume of various fibres (data from Hearle 2001 and Scott 2005).  
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Weight for weight, Spectra® fibre is 10 times stronger 
than steel, more durable than polyester and has a specific 
strength 40% greater than aramid fibre. Spectra® fibre has 
a melting temperature of 150°C. With outstanding toughness 
and extraordinary viscoelastic properties, Spectra® fibre 
can withstand high-load strain-rate velocities. Light enough 
to float (0.97g/cm3 specific gravity), it also exhibits high 
resistance to chemicals, water and ultraviolet light. It has 
excellent vibration damping, flex fatigue and internal fibre-
friction characteristics, and its low dielectric constant makes 
it virtually transparent to radars.
Spectra® fibre is used in numerous high-performance 
applications. It is beneficially applied in artificial tendons, 
ligaments, joint prostheses, protective gloves, sport 
equipment (such as kayaks, canoes, bicycles, boats, sails and 
skis), and body and vehicle armour (such as bullet-resistant 
vests, breast plates, helmets, military aircraft and vehicles). 
Spectra® fibres and the Spectra Shield® family of specialty 
composites are currently used to protect police and military 
in bullet resistant vests, helmets and armour (Kavesh & 
Prevorsek 1995).
The latest generation of Spectra® fibre 2000 was developed 
to provide super-fine, super-strong and ultra-lightweight fibre 
for armour, aerospace and high-performance sporting goods 
applications. It is stronger and lighter than most commercial 
high-modulus fibre and has one of the highest strength-to-
weight ratios of any man-made fibre.
On a weight-for-weight basis, Dyneema® offers maximum 
strength combined with minimum weight. It is up to 15 times 
stronger than quality steel and up to 40% stronger than 
aramid fibres. Dyneema® floats on water and is extremely 
durable and resistant to moisture, UV light and chemicals. Its 
applications are therefore more or less unlimited. Dyneema® 
is an important component in ropes, cables and nets for the 
fishing, shipping and offshore industries. Dyneema® is also 
used in safety gloves for metalworking, and in fine yarns 
for applications in sporting goods and the medical sector. In 
addition, Dyneema® is also used in bullet-resistant armour 
and clothing for police and military personnel.
A major drawback of HPPEs is their poor resistance to fire and 
high temperature because of the low melting temperature of 
polyethylene. At a standard temperature condition (20±2°C) 
and normal testing strain rate (around 1% per second), HPPEs 
perform extremely well (Figure 12). However, when the 
testing strain rate is low, the stretch resistance performance 
of HPPEs is significantly influenced by temperature because 
of the slippage of polyethylene chains. Figure 13 shows 
significant strength loss of Dyneema® under elevated 
temperatures.
Figure 13 Effect of temperature on the failure stress of Dyneema® at strain rate of 10–6/s (data from Hearle 2001).   
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Properties 
Tenacity (g/d) 
Tensile modulus (g/d) 
Elongation at break (%) 
Melting point (°C) 
Moisture regain (%) 
Density (g/cm3) 
Chemical resistance 
High strength 
reinforcement 
fibre
23
525
3.3
330
< 0.1
1.4
High 
performance 
matrix fibre
9
425
2.0
276
< 0.1
1.4
Hydrolytically stable; resistant to 
organic solvents; stable to acids 
(< 90% conc.); stable to bases (< 
30% conc.)
Vectran®
Vectran® fibre is a high-performance thermoplastic 
multifilament yarn spun from Vectra liquid crystal 
polymer (LCP) developed by Celanese Corp. Its 
chemical structure is shown in Figure 14.
Vectran® is different from other high-performance 
fibres such as aramid and ultra-high molecular weight 
polyethylene, in that Vectran® fibre is thermotropic, 
melt-spun and melts at a high temperature (Table 8). 
Aramid fibre is lyotropic, solvent-spun and does not 
melt at high temperatures. HPPE fibre is gel-spun 
and melts at a low temperature. Vectran® is five 
times stronger than steel and 10 times stronger 
than aluminium. Some typical performance data are 
shown in Table 8. The following unique properties 
characterise Vectran® fibres:
•	 High	strength	and	modulus.
•	 Excellent	creep	resistance.
•	 High	abrasion	resistance.
•	 Excellent	flex/fold	characteristics.
•	 Minimal	moisture	absorption.
•	 Excellent	chemical	resistance.
•	 Low	coefficient	of	thermal	expansion.
•	 High	dielectric	strength.
•	 Outstanding	cut	resistance.
•	 Excellent	property	retention	at	high/low		 	
 temperatures.
•	 Outstanding	vibration	damping	characteristics.
•	 High	impact	resistance.
Figure 14  Vectran® fibre chemical structure (Hearle 2001).  
Table 8 Properties of 166.67 tex/300 Vectran® filament yarns. 
Vectran® fibres have many applications that require high 
performance, such as reinforcing materials in advanced 
composites, ropes and cables, and in electronics applications. 
They are used in aerospace, ocean exploration and 
development, electronic support structures, the recreation 
and leisure industry, safety materials, industrial applications, 
protective apparel and high-pressure inflatables.
Vectran® fibres have excellent property retention at low 
temperatures. During NASA‘s interplanetary mission, an 
airbag was used to protect the landing craft as it settled onto 
the Mars surface (McQuiad et al. 2005) and then the Mars 
Exploration Rovers rolled out to perform onsite scientific 
investigations. Vectran® yarn was employed for weaving 
the airbag layers because of its good performance at low 
temperatures compared to other high-performance fibres. 
The primary seam for the main airbag elements was joined by 
four rows of 200 denier Vectran® thread. The strength of this 
seam construction at –80°C increases nearly 60% compared 
to that at room temperature. Kevlar® was also used for 
tethers inside the bags because of its performance at higher 
temperatures. Silk fibre
Silk is suitable for numerous biomedical purposes. From load 
and impact resistant applications to cell adhesion-enhancing 
coatings, different silks offer a wide range of desirable 
properties. Serving as a scaffold for functional tissue 
regrowth, silk-based biomaterial can be bioresorbed, and can 
be used for connective tissue repair for knee, shoulder and 
plastic surgery. There are many silk varieties and the choice of 
silk type for a specific biomedical application should include a 
careful consideration of the particular advantages of each silk 
species, as well as their limitations.
Silk fibres are high-strength materials. For major ampullate 
silk, the tensile strength is about 1.1 GPa and the extensibility 
is up to 27% (Hakimi et al. 2007). Weight-for-weight spider silk 
is five times stronger than steel, but twice as elastic as and 
30 times more flexible than nylon. Compared to silkworm silk, 
spider silk is more waterproof, tougher and stretchier. Spider 
silk can absorb three times the impact force of Kevlar® 
without breaking. Spiders produce several kinds of silks 
differing in material properties. 
Silk fibres are made from renewable sources, not petroleum-
based chemicals. Silk fibres can also be spun using water-
based chemicals. According to BBC science news, UK 
researchers have shown that nerve cells can grow along 
bundles of a special regenerated fibre that has properties 
similar to spider silk. The silk acted as a scaffold on which 
nerve cells could grow to help repair damaged nerves: for 
example, peripheral nerves – the nerves that control muscles 
and provide sensation.
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Metal clad polymer fibre
For electronic equipment and wiring in aeronautics 
and space applications, low weight, improved 
flexibility and high strength are paramount. With 
electronics confined to small spaces and subject to 
severe stress, copper wire is prone to breaking and 
losing conductivity over time, creating the need for 
a sturdier wire. Aimed at replacing a popular copper 
counterpart used for signal wiring, a hybrid metal-
polymer wire called AmberStrand™ is now on the 
market. AmberStrand™ is manufactured by covering a 
high-performance polymer fibre (such as Zylon®) with 
a metallised coating (nickel, copper, silver and gold), 
resulting in an electrically conductive and yet flexible 
polymer/metal hybrid yarn. The yarn is an extremely 
strong, lightweight ‘polymer wire’ for space and 
aerospace, electronic shielding, lightweight wiring and 
e-textile applications. AmberStrand™ fibre is three 
times stronger and 50% lighter than copper wiring. 
Compared with beryllium copper wire, it is 26.6% 
lighter with double the breaking strength (Lee et al. 
2005). The wires could increase the life and reduce 
the maintenance costs of commercial and military 
aircraft and spacecraft. 
AmberStrand™ can be used in specialised electronic 
signal, power wiring and braided EMI (Electro 
Magnetic Interference) shielding applications when 
low weight and durability are critical. It can also be 
used for heating textiles. Either alone or combined 
into electrotextiles, AmberStrand™ applications 
are expected to include aerospace, space, military, 
miniature electronic applications, sports, and 
healthcare instrumentation.
Syscom Technology Inc. has patented a process for 
metal coating Toyobo’s Zylon® PBO fibre, making an 
extremely strong and lightweight fibre with conductive 
properties.
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Conductive fibres and fibre assembles
Conventional textile fibres are non-conductive and can easily accumulate charge, 
which may cause occupational health and safety concerns. Static electricity is 
generated when two unlike materials make contact and then are separated from 
each other, for instance by friction or rubbing of garments. If textile materials 
are poor conductors or insulators, very high charges may build up, resulting 
in garments that could possibly ignite a flammable or explosive atmosphere, 
damage electronic equipment, or induce a charge on a nearby non-earthed 
object. Electrical conducting textiles are desired for many antistatic applications.
The demand for electrically conductive fibres and textiles is growing rapidly 
not only in antistatic applications but also in relation to industrial needs (such 
as sensing, electrostatic discharge, corrosion protection, electromagnetic 
interference shielding, dust- and germ-free clothing, monitoring and data 
transfer in clothing) and military applications (such as camouflage and stealth 
technology). Wearable electronic textiles require fibres to have different levels of 
electrical conductivity. For example, highly conductive flexible yarns are required 
to fabricate textile-based electronic circuitry and user interface elements with 
electronic embroidery (Figure 15). From this point of view, conductive textiles 
should be considered as high-performance fibre materials.
Figure 15 Conductive yarns for making wearable electronic textiles (adapted from Post et al. 2000; figures 12 and 3; 
used with permission).
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Metal fibres such as steel, and carbon fibres, conduct 
electricity and can be incorporated into garments. Metal 
fibres are very thin metal filaments with diameters 
ranging from 1 to 80 microns. They can be made from 
various alloys, such as stainless steel, high temperature 
resistant alloys, nickel and nickel alloys, titanium, 
aluminium and copper. Metal alloy fibres are corrosion 
resistant, temperature resistant, conductive, non-toxic 
and inert. Their most important applications are porous 
media, filter elements and systems and innovative textiles 
(such as heat-resistant textiles and electrically conductive 
textiles for applications like antistatic, heating, signal 
transfer and electro-magnetic shielding). 
Bekaert Australia Steel Cord Pty Ltd based in Geelong 
(Australia) is a joint venture business formed in 1986, 
between Bekaert and OneSteel Pty Ltd, supplying 
steel cords and hose wires to tyre and hydraulic hose 
manufacturers. Unfortunately, the closure of Bekaert 
Australia Steel Cord plant was announced in August 2007.
Coating fibres with a metal layer can make the fibre 
conduct electricity. Electroless metal plating is a popular 
method of depositing non-conductive substrates with 
metals. In the deposition process, metal ions are reduced 
to metal only on specific areas where catalysts are 
present. The metallisation of textile materials provides 
A Europe-based company, Bekaert, produces 
metal fibres in filament and chopped staple 
forms. The company has developed several 
metal fibre products such as spun yarns, 
webs and needle-punched felts, braids and 
knitted and woven fabrics. Figure 16 shows 
some applications of the stainless steel 
fibres produced by Bekaert.
 
Figure 16 (A) Dust filters with stainless steel fibres to prevent explosions  
  (image courtesy Bekaert). 
  (B) Work wear in inflammable and explosive environment. 
  
functionality of electrical conductivity and antistatic, in 
addition to ultraviolet protection, water repellence and 
brilliant decorative effects.
The modification of fibre/yarn/fabric using conductive 
polymers such as polyaniline and polypyrrole is another 
approach to make conductive textiles. The conductive polymer 
coated materials show good environmental stability on 
electrical properties, preserving their original strength and 
flexibility (Kaynak et al. 2002; Wang et al. 2005; Kim et al. 
2006). Figure 17 shows examples of conductive fabrics.
Figure 17 Conductive polymer coated fabrics (left: LED display; right: SEM image of polypyrrole coated polyester fabric).
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Degradation of  
high-performance fibres
Environmental conditions promote fibre degradation. Ballistic 
materials, including Kevlar®, Twaron®, Spectra®, Dyneema® and 
Zylon®, are susceptible to degradation over time, and under certain 
conditions such as exposure to water and UV irradiation. For instance, 
unprotected Zylon® and Vectran® yarns loses more than 70% of 
their strength after six days of UV exposure, while Kevlar® yarn loses 
more than 15% of its strength. This represents a serious impediment 
to the use of high-strength fibres in a number of end uses where 
their high strength-to-weight ratio could be advantageous. Serious 
strength loss of high-performance fibres could shorten the product’s 
(such as bulletproof vests) service life. Therefore, measures are 
necessary to compensate, delay or eliminate damage accumulated 
during fabrication, storage and service life exposure, and to retain 
performance required over longer periods. Some measures are:
•	 End	products	from	high-performance	fibres	should	take	the	
natural degradation process into account in designing and 
building in an appropriate safety margin. Importantly, the fact 
that fibre loses some ballistic performance capabilities over time 
does not mean that the fibre is not suitable for use in ballistic 
applications, or that a bullet-resistant vest made with that fibre 
is not effective. The number of plies of ballistic material may 
increase to strengthen the body armour and increase the safety 
margin.
•	 High-performance	fibre	products	should	be	stored	in	black	wraps	
to minimise/prevent degradation while stored.
•	 Fibre	performance	can	be	largely	retained	by	incorporating	a	
specialised protective covering material for UV protection, for  
example:
– Coating the fibre surface with ultraviolet light blocking  
 agents, such as TiO2, ZnO or carbon black. The coating 
 encapsulates individual filaments in the yarn.
– Sheathing the fibre surface using a thin flexible film  
containing ultraviolet light blocking agents, such as thin flexible 
films containing carbon black or Teflon.
Among the treatments used to improve UV resistance, an effective 
method is sheathing the yarn with a carbon black 
polyethylene film; for instance, Kevlar® may be 
protected with Teflon coatings or a combination of 
other methods.
Toyobo claimed that although Zylon® may be 
subject to degradation over time and under certain 
conditions, the rate of degradation does not render 
Zylon® unsuitable for use in body armour when the 
vests are properly designed and manufactured. The 
tensile modulus of Zylon® fibres does not degrade 
even when exposed to 40°C and 80% relative 
humidity conditions over a 20-month period. This is 
significant because stretch resistance is an important 
characteristic to be considered in the design and 
engineering of a bullet-resistant vest.
High-performance fibres may be twisted into yarns, 
ropes or engineered into various fabrics under high 
deformation conditions of bending and torsion. 
The bending, twisting and fatigue strength of the 
fibres would affect the validity and integrity of their 
performance. The applied forces, especially under 
complex actions, easily lead to cracking of the fibre 
along its axis or even breaking the fibre quickly under 
a small bending or torsion force in cyclic or even 
static action because of the weak interface between 
the fibrils where fibrillar structure can easily be 
split and disintegrated by shearing force. Therefore, 
considering the bending and torsion properties 
during product design is vitally important in the final 
utilisation of high-performance fibres. Figure 18 
shows the fatigue performance of some fibres.
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Figure 18 Abrasion and flex life of various fibres (data from Hearle 2001).       
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Nanofibres and spinning technologies
Nanofibres have a diameter less than one 
micrometre. Nanofibre assemblies have a high 
surface-to-volume (or mass) ratio and high porosity, 
which means that such materials are very active. 
Nanofibres have diverse applications including tissue 
engineering, scaffolds and artificial skins, wound 
dressing, drug release control, biosensors, sound 
insulation, catalysis, protective clothing, advanced 
filtration, and removal of metal ions from liquid and 
toxic particles/gases from air. There are several 
ways to produce nanofibres and the electrospinning 
method has been widely reported.
Electrospun nanofibres
Electrospinning is a very promising technology 
to produce continuous polymeric nanofibres 
with diameters ranging from tens to hundreds of 
nanometres. In the electrospinning process, high 
voltage is used to create and electrically charge a 
stream of polymer solution that is electrospun by 
capillary action using a spinneret, as shown in Figure 
19. The force of electrostatic repulsion generates a 
fine, spraying jet of polymer (from a droplet of melt 
or solution) that forms a nonwoven mesh at the 
electrically grounded collection surface. Materials 
spun into mesh forms can have a better strength-
to-weight ratio than in the solid form, as well as 
greater flexibility, breathability and permeability. 
Electrospun fibre mats have enormous potential in 
biomedical area as scaffolding material for tissue 
engineering (cartilage, and blood vessel regeneration, 
for example).
Figure 19 Schematic representation of the electrospinning process (Jaffe et al. 2006; reprinted with permission from Elsevier).  
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Carbon nanofibres can be prepared via 
electrospinning and subsequent carbonisation of 
polymers. They have been widely studied because 
of their use as catalyst support materials, selective 
adsorption agents, energy storage, composite 
materials, nanoelectric devices, field emission 
devices, and as filter materials. For individual 
personnel protection, they have been attempted 
to make chemical and biological protective devices 
because of their high filtration efficiency and 
enormous surface area. The small diameter of 
the carbon nanofibres is inherently favourable for 
efficient aerosol filtration. In the field of respiratory 
protection, they can filter hazardous gasses by 
adsorption and they can filter airborne dust particles 
with their specific fibre shape and size.
Self-decontaminating nanofibres containing carbon 
fibres and catalyst systems can also capture or 
breakdown toxic chemicals and warfare agents. For 
example, hydrogen cyanide, a chemical compound with 
chemical formula HCN, could be used as a chemical 
weapon agent during a war. An HCN air concentration 
of 300 parts per million will kill a human within a few 
minutes. Electrospun activated carbon nanofibres can 
effectively adsorb the HCN gas.
Electrospinning has the capability of depositing 
multiple ultra-thin nanofibre layers on a polymer 
or fabric substrate, producing flexible materials 
with multifunctionality such as chemical and 
environmental protection. Nanofibres can also 
be assembled into nanocomposites that include 
built-in adsorption, reactive, antimicrobial and 
sensing capabilities into a thin coating. These 
could revolutionise protective clothing and produce 
unconventional and low burden approaches to 
respiratory protection.
Researchers at Deakin University have been 
studying the electrospinning process, improving 
nanofibre uniformity and preparing nanofibres 
from a wide range of polymer materials. They have 
developed a new method to electrospin side-by-
side bi-component nanofibres (Lin et al. 2005), 
which makes the materials finer and bulkier than 
mono-component nanofibres. The self-crimping 
bi-component polymer nanofibres shown in 
Figure 20 were electrospun from a thermoplastic, 
polyacrylonitrile (PAN), and an elastomeric polymer, 
polyurethane (PU). One polymer component can 
be dissolved from the nanofibres to prepare even 
finer nanofibres. Selective bi-component nanofibres 
could be used as nanomechanical chemical sensors, 
nanotweezers or other forms of nanoactuators.
 
 
Figure 20 SEM images of electrospun nanofibres. 
  Left: PAN/PU bi-component nanofibres; 
  right: the same nanofibres with the PU component 
  dissolved (Lin et al. 2005; reproduced with permission).
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NanoSpider nonwoven webs
Allowing the production of nanofibre textiles on an industrial 
scale, Elmarco’s NanoSpider technology is a commercially 
available machine for producing nanofibre mats with the 
electrospinning method. The technology has the ability 
to process a wide range of polymers with diameters of 
50–300 nm into nonwoven webs of 0.1–5 g/m2. In filtration 
applications, as nanofibre media have small pore size and high 
surface area, the addition of a small amount of nanofibres to 
an existing nonwoven filter media can significantly improve 
filtration efficiency with minimal pressure drop. In addition, 
filtration products constructed entirely of nanofibres can have 
similar effect as traditional membranes and porous films.
Nanofibre meltblown fabric technology
Solution-based electrospinning involves an electrical charge 
of several kilovolts and uses solvent to produce a polymer 
solution. This makes it less attractive compared to meltblown 
spinning. Hills Inc., a specialty fibre extrusion equipment 
producer, has developed technology to produce meltblown 
fibres with an average size of 250 nm. Using spinnerettes 
with a hole count of 100 holes per inch and up and extremely 
high length-to-diameter ratios, the technology is able to 
produce meltblown nanofibres in the same size range that 
was previously the exclusive domain of multi-component 
spinning or electrospinning technology.
Space elevator and carbon nanotube fibres
The space elevator is a conceptual transport intended to lift 
things off the Earth into orbit. It should be a much cheaper 
way to transport people, satellites and facilities into space. In 
particular, a space elevator would be a quite feasible concept 
on Mars, where the surface gravity is about a third of Earth 
gravity. To construct such an elevator, an elevator cable would 
be needed to connect the orbit down to the ground. However, 
the weight of such a long cable for the space elevator would 
exert a force sufficient to break the cable; hence the cable 
must be made of a material with a huge tensile strength-to-
density ratio, that is, very strong but very light.
The strength of a fibre, yarn or rope can be expressed as the 
free breaking length, which is the material theoretical length 
at which it breaks under its own weight when hanging freely. 
This free breaking length is material related and corresponds 
to tenacity. It is independent of the thickness of the fibre or 
the rope. Figure 21 shows the free breaking length of different 
fibres. The free breaking length of PBO fibre or Dyneema® 
would in theory be long enough to reach a satellite’s orbit. 
However, to elevate a desired amount of load, even stronger 
fibres are required to make a space elevator cable. Carbon 
nanotubes (CNTs), the strongest substance known, might 
meet the challenge for creating a space elevator cable.
Discovered by Lijima (1991), CNTs are long cylinders of carbon 
atoms arranged in hexagonal patterns. They are lightweight 
(30% lighter than aluminium), ultra-strong (100 times stronger 
than steel) and as stiff as diamonds (modulus ~0.7 TPa) 
(Atkinson et al. 2007). The theoretical tensile strength of 
CNTs has been estimated between 140 and 177 GPa and 
observed tensile strength has been variously measured from 
63 to 150 GPa, close to the requirements for space elevator 
structures. CNTs are superior high-performance fibre and 
ideal material for assembling a space elevator cable. A space 
elevator can be made relatively economically feasible if a 
cable with a density similar to CNTs and a tensile strength 
of 65–120 GPa can be mass-produced at a reasonable price. 
However, the technology to make an ideal rope with CNTs is 
in its infancy, and research is ongoing.
In addition to their excellent mechanical properties, CNTs 
also have remarkable electrical (10–30 kS/cm; conduct 
electricity as efficiently as copper) and thermal (~2000 W/m 
K) conductivities (Atkinson et al. 2007). CNT fibre is an area 
of energetic worldwide research because its applications go 
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Figure 21 Free breaking length of various fibres. Free breaking length (km) is the theoretical length at which a length of material breaks under  
  its own weight. Calculations from Hongu & Phillips 1997 (left) and Hearle 2001 (right).
much further than space elevators. Other suggested 
application areas include suspension bridges, new 
composite materials, lighter aircraft and rockets, 
armour technologies and computer processor 
interconnects. Composite fibres containing CNTs 
can improve performance for thermal and electrical 
conductivity, and enhance mechanical properties. 
Composite fibres containing a high percentage 
of CNTs can be spun by uniformly dispersing and 
properly orienting them in polymers; these fibres can 
be woven into strong, light, flexible and conductive 
textiles. CNT composite fibres could absorb energy 
17 times better than the Kevlar® used in bulletproof 
vests, and have 20 times the toughness of the same 
weight and length of steel wire. The strength of 
Zylon® can be increased 50% by incorporating 10% 
CNTs into the fibre. CNTs can be added to paper to 
make not only strong paper, but flexible materials 
that can be made into ultra-thin, completely flexible 
batteries and supercapacitors. Paper batteries can 
be rolled, folded or shaped to any space available. A postage-stamp-
sized supercapacitor has a voltage of almost 2.5 V. Stacking sheets 
of the paper increases the voltage; increasing the size increases the 
power stored. A paper battery has enough power to light a small light-
emitting diode.
CNTs exist in powdered form. It is a great challenge to assemble trillions 
of nanotubes into macro-sized objects, such as CNT sheets and yarns, 
without the use of binders. This has limited the adoption and use of 
CNTs in industrial applications. If a fibre or yarn can be made as strong, 
light and stiff as CNTs, it would have a myriad of uses.
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Carbon nanotube nonwoven sheets and yarns
Nanocomp Technologies Inc. has successfully produced extremely 
long CNTs, hundreds of microns to millimetres in length. Nonwoven 
sheets and yarns produced from long CNTs are extremely lightweight 
and strong, and can efficiently conduct electricity and heat. Such 
sheets and yarns could be the key to realising significant functional 
performance benefits in defence and aerospace applications ranging 
from body armour to structural composites, as well as commercial 
energy storage and electronics thermal management. The thickness 
of nonwoven nanocomposite sheets ranges from 10 to 15 microns. 
A 2 ft2 sheet of the nonwoven material weighs about one gram. It 
is expected that the materials will be used to reduce weight and 
improve performance of body armour and vehicle fuel economy. They 
could also be used to create ultra capacitors to store large amounts 
of energy from intermittent energy sources such as wind and solar 
energy, as well as to smooth out demand spikes in power networks 
due to their ability to take an electrical charge much faster and in 
much greater capacity than batteries.
Carbon nanotube yarns
Directly spinning CNTs as they are made into a fibre has proven 
very difficult. CNTs are just a few billionths of a metre across, and 
it is difficult to organise and harness their potential use on a large 
scale. Scientists at Cambridge-MIT Institute (CMI) have developed a 
method to continuously spin a CNT yarn.
The basic procedure for spinning CNTs into a yarn is as follows:
•	 Squirt	a	carbon	source	like	ethanol	and	an	iron	nanocatalyst	through	a	hydrogen	carrier	into	a		
 furnace at 1200°C.
•	 Create	an	aerogel	using	the	iron	in	ferrocene	as	the	catalyst.
•	 Form	fibres	on	the	cooler	wall	in	the	furnace.
•	 Spin	the	aerogel	fibres	into	a	yarn	at	several	centimetres	per	second.
Scientists at CSIRO Materials Science and Engineering and the University of Texas at Dallas have 
recently processed multi-walled carbon nanotube nanofibres into yarns (Figure 22) (Zhang et al. 2004; 
Atkinson et al. 2007). They have made efforts to develop a solid-state process for nanotube assembly 
that promises to eliminate binder use and capture the inherent properties of nanotubes.
It is worth noting that the strength of individual 
CNTs is around 37 GPa (or even higher); however, the 
failure strength of a two-ply yarn is only 300 MPa 
(Zhang et al. 2004), which is far less than most high-
performance filament yarns, such as carbon fibre for 
structural composites (minimum strength 5 GPa) or 
Kevlar® (minimum strength 2 GPa). It appears that, 
at this stage, the strength utilisation of CNTs in yarns 
is extremely low, and the advantage of CNT yarns lies 
in its other properties. Some possible applications for 
CNT yarns include:
•	 Structural	composites	which	are	strong,	tough	 
 and able to reduce mechanical vibrations.
•	 Protective	clothing	that	provides	antiballistic	and	 
 static-discharge protection, as well as shielding  
 radio and microwave frequencies.
•	 Electronic	textiles	that	utilise	the	yarn	flexibility	 
 and electrical conductivity for heating, electrical  
 wiring, distributed sensors, supercapacitors,  
 batteries and fuel cells.
•	 Materials	that	require	ultra-fine,	high-strength	 
 and flexible filaments/yarns to conduct electricity  
 or heat, such as heat pipes that provide both  
 structural reinforcement and heat dissipation.
Figure 22 SEM images of CNT yarns (from Zhang et al. 2004; reprinted with permission from AAAS).    
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4  Fibre reinforced advanced   
 composites
Advanced composite refers to a polymer, resin or other matrix-
material system in which reinforcement is accomplished via 
high-strength, high-modulus fibre materials. Compared to single 
materials, composite materials are superior in physical properties 
and performance. For example, carbon fibre possesses good tensile 
strength but lacks impact strength, whereas high-tenacity aramid fibre 
is weak against compression. Thus, the mechanical weaknesses of 
carbon fibre (low impact strength) and aramid fibre (poor compression 
resistance) can be compensated for by making a composite of both 
fibres in an epoxy resin matrix. Advanced composite materials 
reinforced with high modulus and tenacity fibres are lightweight and 
widely employed for energy conservation.
Carbon fibre reinforced plastic (CFRP) is a very strong and lightweight 
composite material. The plastic is most often epoxy but other plastics, 
such as polyester, vinyl ester or nylon are also used. Some composites 
contain both carbon fibre and other fibres such as Kevlar®, aluminium 
or fibreglass reinforcement. Achieving the same level of strength, 
CFRP is about 70% lighter than steel and about 40% lighter than 
aluminium, at a pre-2005 cost only about 20% higher. According to 
Dale Brosius (2009), when correctly designed, they can save 75–80% 
weight over steel and between 30–40% over aluminium. In addition, 
CFRP materials have remarkable tensile, anti-impact, anti-abrasion, 
and anti-corrosion properties, and improved durability, fatigue life and 
safety record.
Increasing engine power or decreasing mass – in 
other words, increasing the power-to-weight ratio – is 
the basis to improve vehicle performance, particularly 
acceleration and speed. Carbon fibre reinforced 
plastic materials are essential for fast moving 
objects like airplanes, rockets and race cars. The 
use of carbon fibres in aeroplanes contributes to a 
reduction of fuel consumption, owing to the decrease 
in weight of the aeroplane. This brings significant 
economic benefit to the aerospace and transportation 
industries, as shown in Table 9.
Table 9 Economic benefits (US$) of reducing weight by 1 kg.  
Product Savings
Rockets/satellite 200,000
Missiles 1500
Helicopters 350–1500
Aircrafts 70–350
Ships – industrial materials 40
Cars <4
Hongu & Phillips (1997)
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Table 10 shows the amount of CFRP typically used in 
an aeroplane. The weight of carbon fibres used in the 
Boeing 777 was approximately 13 tonnes per plane, 
taking 15% of the weight of its structural airframe. 
In addition to carbon CFRP, other fibre reinforced 
composites have also been used in the Boeing 777, 
as shown in Figure 23. A general trend is that more 
composite materials will be used in the aerospace 
industry. Boeing recently announced that at least 
50% of the primary structure of the 787 Dreamliner 
passenger jet, including the fuselage and wings, will be 
made of composite materials.
Table 10 Percentage of carbon fibre reinforced plastic (CFRP) to the total weight of structural materials.
Product   %
Harrier fighter  28
B1 or B2 bombers  30~60
Supersonic aeroplanes > 50
Boeing 767  3
Boeing 777  15
Hongu & Phillips (1997)
Figure 23 Advanced composite materials used in Boeing 777 for weight reduction (Hongu & Phillips 1997).
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Fibre-reinforced composites have been used as body armour 
and vehicle armour materials because of their performance 
and weight aspect. An all-composite vehicle armour system 
weighs about 136 kg, only one-fifth the total weight (680 kg) 
of its composite/steel counterpart (McConnell 2006). Light 
weight reduces wear and tear in a vehicle. This gives the 
composite armoured vehicle an additional two to three years 
of service life. Figure 24 shows a battlefield vehicle armoured 
using factory installed kits and field installed kits made from 
a combination of composites, metals and ceramics. The field 
installed kit provides mission flexibility.
Carbon fibre is the preferred construction material for 
high-performance racing cars, yachts and bicycles. The 
applications of carbon composites in the automobile industry 
are dominated by sports cars, where customers have shown 
a willingness to pay for improved performance in acceleration 
and top speed. 
When coupled with emissions requirements, it is clear that 
carbon fibre materials hold many of the answers for not only 
auto manufacturers but potentially all transportation sectors. 
With new manufacturing technologies such as Quickstep, 
a carbon composite can be made more quickly and cheaply, 
and carbon fibre composite is now being used for cars and 
trucks. Carbon fibre demand growth is projected to increase 
at approximately 25% annually in the next five years.
 
Figure 24 Versatile battlefield Humvee with composites, 
  metals and ceramics armour (McConnell 2006; 
  with permission from Elsevier).
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5  Protective garments
Given the current threats to global security, global defence 
forces, including those in Australia, have increased 
expenditure on protective apparel, including specialist clothing 
that can provide protection from hazards such as radiation, 
heat and flame, chemicals, molten metals, ballistic impact, 
cut, stab and foul weather. Additionally, with increasing 
awareness of occupational health and safety, the end-use 
market for protective clothing is rapidly growing.
The Bruck Bionic GEMINI™ is an example of functional fabric 
for safety and comfort that has different functionalities, 
including high visibility, UV protection, antimicrobial, moisture 
management, water repellence and soil release. Based on a 
combination of silver and nanotechnology, the antimicrobial-
finished fabric can achieve anti-moulding, anti-fungi and 
antimicrobial and even properties like anti-SARS (Severe 
Acute Respiratory Syndrome).
UV protective textiles
Materials for outdoor applications are prone to property 
alteration and damage induced by heat, light, humidity, 
pollutants and other factors. Ultraviolet radiation, with 
wavelengths ranging from 280–400 nm, causes detrimental 
degradation of fibres, pigments and binders through 
photooxidation. Light stabilisers can significantly reduce the 
photooxidation degradation process. Harmful UV light can be 
filtered with UV absorbers coated on textile substrates and 
converted into harmless levels of heat, thereby preventing 
fast degradation of the textile products and prolonging their 
service life.
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Mosquito proof hat and uniform
Public attention and the industry awareness to the increased 
manifestation of insect-borne diseases outside the tropics 
and subtropics have risen. Apparel including trousers, shirts 
and hats that repel insects are increasing in popularity. The 
market for camping tents and nets which offer insect repellent 
functionality is also growing; technology for textiles that 
keep insects such as mosquitoes away is available. Buzz Off 
Insect Shield from Tilley is an example. It is a hat that keeps 
mosquitos and black flies away from its wearer’s head by 
bonding textiles with the powerful permethrin, an agricultural 
insecticide and personal insect repellent that is allowed to be 
sprayed on clothing in some countries including the US, the 
UK and Australia. With the treated hat and clothing, people 
are protected if they forget to apply a conventional repellent. 
This is especially valuable for those in areas with potential 
malaria threats. In a place like Afghanistan, where soldiers 
face the threat of malaria and sandfly fever, permethrin is 
an invaluable tool for preserving their wellbeing. However, 
the use of permethrin may be subject to approval from local 
health authorities or pest management regulatory agencies.
Dark wear to stay cool
The degree of absorption and reflection of heat depends 
on the darkness or lightness of the shade of colour. White 
clothes reflect up to 100% sunlight and heat; black clothes, 
on the other hand, absorb most the energy from sunlight. 
When exposed to direct sunlight in summer wearing black 
motorcycle suits, motorcyclists heat up and suffer from 
thermal discomfort. In order to alter heat build-up, materials 
can be treated with a product like ColdBlack, a special 
finishing technology. It influences reflection in the infrared 
spectrum so that even dark coloured clothes reflect sunlight 
in the same way that lighter colours do (Figure 25). The 
ColdBlack finish alters the reflective power in the non-visible 
area without perceptibly influencing the colour in the visible 
area. This permits better heat management so that black 
clothing with ColdBlack finish achieves a reflection of up to 
80% of energy from sunlight and stays cool for longer than 
untreated black clothing. Fabrics with ColdBlack are mainly for 
motorbike wear and police motorcycle apparel, as these end 
users are often out in the heat for many hours at a time.
Infrared camera
Standard camera
white 
fabric
black
fabric
ColdBlack™
fabric
white 
fabric
black
fabric
ColdBlack™
fabric
Figure 25 ColdBlack™ fabric reflects up to 80% of energy 
 from sunlight.
Researchers from Deakin University have recently developed 
improved ways for UV protection of a range of textile 
substrates, through incorporation of nanoparticles (zinc oxide) 
into synthetic fibres or coating a substrate with a thin layer of 
the nanoparticles. 
This work has been supported by the Australian Research 
Council and Micronisers Pty Ltd.
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Body armour
High-performance fibres such as Zylon®, Kevlar®, Twaron®, 
Spectra® or Dyneema® can be either converted into woven 
fabrics or bonded with resins to form thin, flexible nonwoven 
composite materials for body armour. Typically, flexible bullet-
resistant vests are constructed from multiple plies of high-
performance fibre material assembled into a protective panel. 
The protective panel is very complex; it may be constructed 
from a single ballistic material or from two or more materials in 
combination. Where a combination of different ballistic fibres 
is used, the vest is often referred to as a ‘hybrid’. The location 
and number of plies of each material within the multiple-layer 
protective panel is critical to the overall performance of the 
panel. The protective panel is inserted into a carrier, which is 
constructed of conventional fabric, such as nylon or cotton. 
When a bullet strikes a body armour panel, the fibres absorb 
and disperse the energy of the impact across a generalised 
area, thus helping to reduce the effects of blunt trauma caused 
by the force of the impacting projectile.
For comfort, multiple layer flexible body armour is preferred. 
The exact number of plies required to prevent bullet 
penetration depends on the type of material(s) used, whether 
the material is woven or nonwoven, the fabric optimisation, 
including the type of weave used, the stitching, if any, and 
the overall product design. It is an optimal balance of tensile 
strength, tensile modulus, elongation, density, moisture 
retention, impact energy absorption, heat resistance and 
limiting oxygen index (LOI – the amount of oxygen needed in 
the atmosphere to support combustion) versus the targeted 
cost, comfort and protection levels. The ballistic impact 
potential and behaviour of fibre-based body armour depend on 
the mechanical properties of the fibres to be used to construct 
the armour system, in particular fibre modulus and tensile 
strength.
Commercial body armour must meet the minimum threat level 
standard set by organisations such as The National Institute of 
Justice (NIJ) in US. Sufficient material and a suitable margin 
of safety should be incorporated into well designed, properly 
manufactured body armour.
Various stab- and ballistic-resistant articles or garments are 
worn by police, soldiers, prison corrections officers and other 
types of security, military and law enforcement personnel. 
Such articles are designed to prevent injuries from ballistic 
projectiles, knife stab or slash. There are more than 50,000 
users of such protective articles amongst the police and 
military forces in Australia. Recently, scientists at New 
Zealand’s Lincoln Research Centre in Christchurch developed 
a stab-and fire-resistant vest using wool and Vectran® fibres. 
A Vectran-knitted base provides resistance to cutting, and 
the wool forms a fire-resistant protective barrier against 
heat. The vest was designed to protect prison officers against 
attacks with sharpened toothbrushes (Scott 2005). It has 
only low level of protection against shrapnel or low ballistic 
penetration. It is not needleproof or bulletproof. 
Researchers at Texas Tech University are also developing a 
lightweight antiballistic body armour using a three-layered 
fabric construction, which consists of leather, high-
performance fibres and a needle-punched nonwoven fabric.
Table 11 lists fibre properties for normal textile applications 
and high performance textile applications. Table 12 presents a 
summary by Industrial Textile Associates to include broad high-
performance fibres and their properties. These tables should help 
in choosing high-performance fibres for different applications.
Selection of protective  
clothing materials
There are many high-performance fibres not mentioned in 
this report. They are extensively covered in the literature. The 
performance and functional fibres and textiles market grows 
rapidly with different types of fibres and textiles to choose 
for product development. Materials should be selected in 
accordance with the existing standards, guidelines, desired 
performance and costs. In the book Textiles for Protection 
(Scott 2005), Shaw recommended the following steps in the 
selection of textiles for protective clothing:
Step 1: Assess hazards
•	 Type	of	hazard(s)
•	 Severity	of	hazard
Step 2: Identify relevant standards, specifications, or 
guidelines
•	 With	well-defined	performance	requirements
•	 Without	well-defined	performance	requirements
•	 With	no	requirements
Step 3: Screen materials based on protection performance of 
fabrics
•	 Chemical	protection	performance
•	 Biological	protection	performance
•	 Flame	and	thermal	protection	performance
•	 Mechanical	protection	performance
Step 4: Select materials based on other major factors
•	 Job	performance
•	 Comfort
•	 Cost
•	 Durability
•	 Use,	care,	and	maintenance
•	 Cultural	factors
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Fibre
Cotton
Flax
Wool
Silk
Rayon
Nylon
Polyester
Polypropylene
Para–aramid
Meta–aramid
TLCP (Vectran)
HMPE
PBO
Carbon
Glass
Ceramic
Chemical resistant
Thermal resistant
♣ Decomposes (chars)   ♦ Softens   ♥ For nylon 66, nylon6 at 216°C   ♠ Liquidus temperature   # Various limiting temperatures
(Scott 2005)
Density  
(g/cm3)
1.52
1.52
1.31
1.34
1.49
1.14
1.39
0.91
1.44
1.46
1.4
0.97
1.56
1.8–2.1
2.5
2.4–4.1
1.3–1.6
1.25–1.45
Moisture  
regain (%)
7
7
15
10
13
4
0.4
0
5
5
< 0.1
0
0
0
0
0
0–0.5
5–15
Melting  
point (°C)
185♣
185♣
100♦/300♣
175♣
185♣
260♥
258
165
550♣
415♣
330
150
650♣
 > 2500
1000–12000♠
 > 1000
170–375#
200–500#
Tenacity  
(N/tex)
0.2–0.45
0.54
0.1–0.15
0.38
0.2–0.4
0.35–0.8
0.45–0.8
0.6
1.7–2.3
0.49
2–2.5
2.5–3.7
3.8–4.8
0.4–3.9
1–2.5
0.3–0.95
0–0.65
0.1–1.3
Modulus  
(N/tex)
4–7.5
18
2–3
7.5
5–13
1–5
7–13
6
50–115
7.5
45–60
75–1 20
180
20–370
50–60
55–100
0.5–5
2.5–9.5
Work to  
break (J/g)
5–15
8
25–40
60
10–30
60–100
20–120
70
10–40
85
15
45–70
30–90
4–70
10–70
0.5–9
15–80
10–45
Elongation at 
break (%)
6–7
3
30–40
23
7–30
15–25
9–13
17
1.5–4.5
35
3.5
2.9–3.8
1.5–3.7
0.2–2.1
1.8–5.4
0.3–1.5
15–35
8–50
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Table 11 Typical properties of normal textile fibres and high performance fibres.      
40 PERFORMANCE AND FUNCTIONAL FIBRES AND TEXTILES
Ta
bl
e 
12
 
Pr
op
er
tie
s 
of
 s
el
ec
te
d 
hi
gh
 p
er
fo
rm
an
ce
 fi
br
es
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 F
ib
re
s 
&
  
pr
op
er
tie
s
Dr
y 
te
na
ci
ty
 (g
/d
)
Te
ns
ile
  
(×
 0
00
 p
si
)
El
on
ga
tio
n 
at
 b
re
ak
 (%
)
M
oi
st
ur
e 
re
ga
in
 (%
)
Sp
ec
ifi
c 
gr
av
ity
 (g
/c
m
3 )
Av
g.
 to
ug
hn
es
s 
(g
/d
)
Ab
ra
si
on
 re
si
st
an
ce
Li
m
iti
ng
 o
xy
ge
n 
in
de
x 
 
(L
OI
) (
%
)
Th
er
m
al
 c
on
du
ct
iv
ity
  
(B
TU
 –
 in
 /h
r2
 p
er
 °
F)
 
Us
ab
le
 te
m
pe
ra
tu
re
 (°
C)
 –
  
Sh
or
t t
er
m
/c
on
tin
uo
us
:
Sm
ok
e 
em
is
si
on
 –
 d
en
si
ty
Re
si
lie
nc
e 
CH
EM
IC
A
L 
RE
SI
ST
A
N
CE
So
lv
en
ts
Ac
id
s:
 d
ilu
te
: 
co
nc
en
tr
at
ed
:
Al
ka
lie
s:
 d
ilu
te
: 
co
nc
en
tr
at
ed
:
Ul
tr
av
io
le
t (
UV
)
Re
la
tiv
e 
co
st
  
$ 
= 
Lo
w
; $
$$
$ 
= 
Hi
gh
 * P
oo
r  
 *
* F
ai
r  
 *
**
 G
oo
d 
  *
**
* E
xc
el
le
nt
   
♣
 D
ec
om
po
se
s 
(c
ha
rs
)
(1
) H
D
PE
 (h
ig
h-
de
ns
ity
 p
ol
ye
th
yl
en
e)
 is
 n
ot
 fl
am
e 
re
ta
rd
an
t o
r h
ig
h 
te
m
pe
ra
tu
re
 re
si
st
an
t, 
bu
t l
ow
 m
el
t fi
br
e 
w
ith
 v
er
y 
hi
gh
 s
tr
en
gt
h 
fo
r h
ig
h 
pe
rf
or
m
an
ce
 a
pp
lic
at
io
ns
.
(2
) P
ol
ya
ry
la
te
 li
qu
id
 c
ry
st
al
 d
at
a 
is
 fo
r V
ec
tr
an
 T
yp
e 
H
S.
D
at
a 
co
ur
te
sy
 In
du
st
ria
l T
ex
til
e 
A
ss
oc
ia
te
s 
(2
00
7)
, G
re
er
, S
C,
 U
S,
 <
 w
w
w
.in
te
xa
.c
om
 >
. 
N
om
ex
 
 4.
0–
5.
3
 90 22
–3
2
6.
5
1.
38
0.
30
**
*
 30  0.
26
 31
5–
37
0/
23
0
1.
0
**
**
**
**
 
**
*
** **
*
**
*
* $$
$
Ke
vl
ar
 
 21
–2
7
 40
0
2.
5–
4.
0
4.
0
1.
44
0.
85
*  29  0.
30
 31
5–
37
0/
23
0
 1
.0
**
**
 **
*
**
*
** **
*
**
*
* $$
$
PA
N
/C
ar
bo
n 
 24  31 19 9 1.
4
N
/A
*  55  < 
.0
3
 V–
Hi
gh
/2
20
N
/A
*  **
*
**
*
* **
*
**
*
**
*
$$
$
H
D
PE
 (1
) 
 24
–3
5
 37
5–
43
5
2.
8–
4.
4
0 .9
7
N
/A
**
*
 N
/A
 N
/A
 M
el
ts
 a
t 1
47
 (1
)
N
/A
** **
**
**
**
**
**
**
**
**
**
**
**
$$
G
la
ss
 15
.3
 50
0
4.
8
< 
0.
10
2.
5
0.
37
*  > 
10
0
 7.
2
 V–
Hi
gh
/3
15
Lo
w
* **
**
**
**
**
**
** ** **
**
$$
M
el
am
in
e 
 1.
8
 30 12 5 1.
44
N
/A
**  32  0.
20
 26
0–
37
0/
 > 
20
0
Lo
w
** **
**
**
*
* **
**
**
**
**
*
$$
PB
I 
 2.
6–
3.
0
 50 25
–3
0
15 1.
43
0.
4
**
*
 42  0.
26
   >
 5
95
/3
15
Tr
ac
e
**
**
**
**
**
**
**
**
**
**
**
*
**
*
$$
$$
PB
O 
 42  N
/A
2.
5–
3.
5
0.
6–
2.
0
1.
50
N
/A
**
**
 68  < 
0.
3
 ♣
65
0/
 >
 3
00
Lo
w
**
**
**
**
**
*
** **
**
N
/A
*–
**
*
$$
$$
N
ov
al
oi
d 
Ph
en
ol
ic
1.
3–
2.
4
 20
–3
0
30
–6
0
6–
7.
3
1.
27
N
/A
*  33  0.
28
 ♣
40
0/
20
5
< 
0.
30
** **
**
**
**
* **
**
**
**
**
**
$$
Po
ly
ac
ry
la
te
 
 1.
3–
1.
7
 25
–3
3
20
–3
0
12 1.
5
N
/A
**  43  0.
31
 16
0
Tr
ac
e
**
*
**
*
**
**
**
**
**
**
**
**
**
**
$$
$
Po
ly
ar
yl
at
e 
Li
qu
id
 C
ry
st
al
26
–2
9
 52
5–
58
5
3.
3
< 
0.
10
1.
41
N
/A
**
**
 37  3.
81
 (2
) 
♣
 
> 
40
0/
 >
 2
00
Lo
w
**
*
**
**
**
**
**
**
 
**
**
**
**
 
* $$
$
PP
S 
 3.
5
 61 40 0.
6
1.
37
N
/A
**
*
 34  0.
3
  26
0/
20
5
N
/A
**
*
**
**
**
**
**
*
**
**
**
**
**
**
$$
$
PT
FE
 
 0.
9–
2.
0
 40
–5
0
19
–1
40
0 2.
1
0.
15
**
*
> 
10
0 
 0.
2
 ♣
43
0/
28
8
Lo
w
* **
**
**
**
**
**
**
**
**
**
**
**
$$
$$
Po
ly
im
id
e 
 3.
7
 67 19
–2
1
3 1.
41
N
/A
**
*
40
 
 N
/A
 < 
48
5/
< 
26
0
< 
1.
0
** **
**
**
**
**
**
* * **
*
$$
$
Po
ly
am
id
e 
im
id
e
3.
4
 75
–8
0
16
–2
1
4–
4.
5
1.
34
N
/A
**
*
32
 
 0.
08
   > 
40
0/
25
0
< 
2.
0
N
/A
**
**
**
*
** **
*
**
*
**
*
$$
$
 CENTRE FOR MATERIAL AND FIBRE INNOVATION 41
6  Functional textiles
High-performance textiles with 
nanotechnology
Recent developments in finishing technologies have allowed 
the integration of nanotechnology into consumer textile 
products to introduce properties such as UV resistance, stain 
resistance, wrinkle resistance, water and oil repellence and 
self-cleaning. Nano-sized particles such as clays, metal oxides 
(e.g. TiO2, Al2O3, ZnO and MgO) or silver can be incorporated 
into fibres or applied to textiles to improve dyeability, reduce 
flammability, block UV light, or introduce antimicrobial or 
self-decontaminating functions (Qian 2004). Cookson and 
Wang (2007) have conducted a comprehensive review on 
nanotechnology applications in fibres and textiles, in which 
the implications of nanotechnology for the Australian high-
performance textile industries are presented.
Self-cleaning technical textiles
The lotus plant has an extraordinary ability to keep itself 
clean by means of the ultra-fine surface structures on its 
leaves: water droplets just roll off the leaf surface, taking 
dirt particles along with them. The principle of self-cleaning 
technical textiles was to make textile substrates covered with 
nanoparticles like lotus leaves. For instance, nanoparticles 
with a diameter of less than 100 nm can be firmly embedded 
in a binder producing a highly structured surface on textiles to 
create a lotus or nano effect so that the textiles have a self-
cleaning function. Because the minimal contact is confined to 
the outermost tips of the particles, the adhesive forces that 
would otherwise cause a droplet to spread are also minimal. 
Instead, the water’s surface tension forces prevail and 
invariably cause the droplet to form a spherical globule and 
the water just rolls off. Particles of dirt on the surface, which 
because of the papillae also have hardly any contact with the 
fabric are carried along by the droplets and washed away 
without any need for detergents or scrubbing.
Self-cleaning polyester fabrics (Figure 26) finished with 
Mincor TX TT (a product from BASF Corporation) are 
examples of technical textiles that employ this principle. 
Instead of sticking to the surface of treated materials, a drop 
of honey will contract to form a blob and will pearl off, or 
can be washed off with a sprinkle of water. Dirt and stains 
can be rinsed off more easily with water. Textiles such as 
café umbrellas, awnings, sunshades, flags, sails and tents 
that have been treated with Mincor TX TT need less effort 
to clean and look newer for longer. This type of finishing is 
an ideal solution for fabrics continuously exposed to outdoor 
elements and which can’t be put in a washing machine. The 
self-cleaning effect for textiles could be applied to dirt-
repellent clothing and reduce wash cycles. However, the 
mechanical stress applied during washing could eliminate the 
nanoscopic surface structures; making these textiles machine 
washable is a big challenge for self-cleaning garments.
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Figure 26 Tiny nanoparticles keep water and dirt at bay. Because of their minimal contact surface, the dirt is washed 
  away without trace by water droplets. Image courtesy Jobwerx (n.d.).
Photochromic textiles
Photochromic material changes colour reversibly in 
response to stimulation from light. Smart fabrics with 
photochromism are capable of protecting light radiation, 
sensing environmental changes or producing decorative 
effects. Photochromic textiles can be prepared using 
conversational dyeing techniques to attach photochromic 
molecules with a fibre matrix (Lee et al. 2006; Son et al. 2007). 
Colour change in photochromic molecules typically results 
from a shift in optical absorption due to molecular structure 
or conformation change during light exposure. The speed of 
photochromic transformation and fabric handle deterioration 
are the key problems affecting fabric characteristics for 
functional apparel. Researchers from Deakin University 
have developed a technique that imparts fabric with very 
quick photochromic response and good colour fastness. They 
embedded photochromic dyes in hybrid silica sol-gel and 
applied the gel to wool fabric to form a photochromic coating. 
The photochromic textiles change colour within seconds 
when exposed to UV light and revert to their original colour 
in the absence of UV. The photochromic coating does not 
significantly affect the fabric handle.
 CENTRE FOR MATERIAL AND FIBRE INNOVATION 43
Multi climate protection system
Protective garments should offer not only protection to the 
wearer against extreme environment, but also comfort. 
A six-layer climate protection system with Nomex® is an 
example of multifunctional textiles that provide wearers with 
comfort, flame resistance and optimal thermal protection in 
all weather conditions. The system was particularly designed 
for naval aviators and aircrews who work on the flight deck of 
an aircraft carrier and suffer diverse and demanding climates 
during operation. The first layer of the protection system is 
lightweight long underwear that would not melt and drip or 
support combustion in air because it is made of spandex and 
Nomex®. The second stretch underwear layer consists of 
fleece pants and a shirt which include Nomex® for thermal 
protection and spandex and nylon for form-fitting stretch. This 
layer is designed to be worn between the long underwear and 
the flight suit. The third thermal layer is also made of fleece 
with Nomex®, and can be worn on top of the second layer 
or just with the first layer under a flight suit. The first three 
layers provide aviators with the warmth they need under their 
flight suits. The additional three outer layers made mostly of 
Nomex® are to protect aircrews and flight deck personnel 
from cold weather for further thermal protection. The fourth 
and fifth layers are dense knit outerwear (vest and jacket) 
that help block the wind. The last layer is made of a Nomex® 
outer shell and liner between which the Gore-Tex® fabric 
is laminated. This layer is a version of ‘foul weather gear’ 
designed to protect the wearer from the wind and rain.
In addition to military applications, Nomex® garments are 
also used by firefighters, industrial workers and race car 
drivers where superior thermal protection is essential.
Inherent flame resistant fabrics for electric 
arc protection
Electric arc flashes occur when a substantial electric current 
passes through ionised air. Arc flashes are explosive in nature, 
typically lasting less than one second and emitting high 
radiant energy capable of igniting and/or melting everyday 
clothing. During an arc flash event, there can be many 
secondary hazards such as hot gases, molten metal splatter, 
pressure waves and projectiles. There may also be high 
decibel noise and electric shock potential. Thus, people who 
are exposed to the hazards of flames or electric arcs need 
suitable protective clothing.
DuPont ProteraTM (33% Nomex® and Kevlar®; 65% 
Modacrylic and 2% Antistatic), an inherent flame resistant 
fabric, can be used to protect people against such electric 
arc hazards. ProteraTM meets all categories of the American 
National Electrical Safety Code (NESC) standard. Garments 
made with the fabric are lightweight and offer a high level 
of comfort when compared to flame-retardant (FR) treated 
cotton nylon blend fabrics on the market today. In addition, 
the garments will also have a better life cycle value than less 
durable FR cotton nylon blend garments. That is because high-
performance fibres (Nomex® and Kevlar®) have been used. 
Unlike chemically treated products, the thermal protection 
found in Nomex® related fabrics is inherent and cannot be 
washed out or worn away. The fabric’s flame resistance will 
not diminish through laundering or bleaching and will not 
require special laundry processing. Garments made of DuPont 
ProteraTM are expected to retain their performance throughout 
extended use and repeated washings when compared to FR 
cotton nylon blend garments of similar weight.
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Controls and computing
External devices 
Semi-integrated electronics
Organic electronics
7  Smart and electronic   
 textiles
New generation clothes are designed to convey a sense 
of the wearer’s identity, provide protection from the 
environment, and supply a convenient way to carry the 
paraphernalia of daily life. In addition, they should integrate 
embedded electronics and sensing into everyday life to 
give users continuous access to the capabilities of personal 
lifestyle. Smart fabrics and interactive textiles have been 
playing a vital role in this. The concept of interactive textiles 
was initially proposed for military forces to be centrally 
monitored through complex networks that include inter unit 
communication, quality of information, collaboration and 
battle space awareness. Nowadays, the concept has been 
broadened to diverse applications. There are now many smart 
fabrics/garments/accessories under this initiative, including 
full integration of a range of functions such as physiological 
monitoring, power bus systems and communications, casualty 
care, multifunction exteriors, harvesting of energy and 
water, and passive/active thermal management. Dhawan 
et al. (2005) reviewed fibre-and textile-based electrical and 
optical devices and systems including some commercial 
products and product concepts of electronic textiles, which 
demonstrate that research in this area is paving the way for 
the development and commercialisation of fully integrated 
electronic textiles. Future garments will not only protect 
the wearer from the environment, but also have intelligent 
built-in features. It is expected that in the next 5 to 10 
years, electrical sensors and functions will be integrated 
into daily use in fabrics and clothing and more technologies 
will be available to build intelligence into garments. Figure 
27 presents an outlook of wearable electronic textiles with 
multifunctional sensors and computing devices, in which the 
sensors/actuators may include:
•	 photosensitive	materials
•	 fibreoptics
•	 conductive	polymers
•	 thermal	sensitive	materials
•	 shape	memory	materials
•	 intelligent	coating/membrane
•	 chemical-responsive	polymers
•	 mechanical-responsive	materials
•	 microcapsules
•	 micro	and	nanomaterials.
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Data transfer and communication link
Personal area networks  
GSM, GPS, RFIDs
Textile antennas / Galileo
Wireless body area network 
(BAN)
Actuators
Earphones and speakers 
LEDs, heating elements
Vibration, e-stimulation
Cooling systems
Sensors
Microphones, cameras 
Temperature, acceleration
Angle, gas, humidity 
Pressure, electrical (ECG)
User interface
Textile switches 
Acoustic feedback 
LEDs
Flexible displays 
Vibrations
Interconnect and encapsulate
Adapted technologies: snap buttons, 
connectors, docks, mouldings
Integrated fabric technologies
Power supply 
Batteries
Solar cells, fuel cells
Piezocristalls / Thermo generators
Controls and computing
External devices 
Semi-integrated electronics
Organic electronics
Key: 
Green = the near future 
Orange = medium term 
Red = long term
Figure 27 Roadmap to wearable electronic textiles. Adapted from Strecker (2007).      
Research and development activities have been carried out 
worldwide with noticeable outcomes either in the form of 
commercial products or research publications. It is clear that 
the number of wearable electronics products is growing 
rapidly, particularly in entertainment and communication 
sectors. Sports and healthcare segments are well targeted. 
Some examples of smart textiles in healthcare and sports 
(Strecker 2007) are:
•	 Biofeedback	–	integrated	pedometers,	heart	rate		 	
 monitors or temperature sensors provide physiological  
 information to the athlete.
•	 Intelligent	trainer	–	system	communicates	to	the	athlete		
 by audio feedback or display information (suggests,   
 motivates, warns).
•	 Music	pacing	–	continuous	adaptation	of	music	speed	to	 
 the average steps per minute enhances the training  
 effect.
•	 Personal	health	monitoring	–	sensing	and	pre-processing	 
 signals such as heart beat, breath, temperature and  
 motion for health care applications.
•	 Body	temperature	regulating	–	wearable	heating	and	 
 cooling system keeps individual comfortable under  
 extreme conditions and saves energy.
•	 Chemical/drug	releasing	–	performing	first	aid	or	 
 delivering drugs automatically.
The field of ‘wearable electronics’ has already captured the 
imagination of many researchers and large corporations. 
Apart from smart textiles in healthcare and sports, functional 
fabric-based products that incorporate integrated electronics 
have been developed and commercialised. Such products are 
capable of interfacing with or accommodating entertainment 
and communications devices including iPods, mobile phones 
and laptop computers, producing interactive apparel (iApparel) 
like sports jackets, bags, business suits and fabric keyboards. 
Eleksen, Fibretronic and Peratech are among a number of UK-
based companies leading this field.
Fabric controls with an LCD display
ElekTex smart textiles have also been used in wash-and-
wear computer control and display devices. The interactive 
technology is a fabric-based, pressure-sensitive control 
interface that can be integrated into jackets, bags and other 
textile products. Based on colour organic LED technology, 
ElekTex fabric controls can be integrated as a flexible computer 
display, for instance the Microsoft Windows Vista SideShow, 
displaying information from a Vista laptop. Eleksen‘s wearable 
display module is claimed to be the world’s first development of 
computer display technology for the Windows Vista SideShow 
market and makes bags and accessories into extensions of 
intelligent devices. It can be easily integrated into soft goods 
(Figure 30) like briefcases, laptop bags and backpacks and 
provides the first in-bag screen available for any computer 
electronics product. The wearable display module comprises 
a 2.46” LCD screen, and 1 GB of storage for data files. The 
product supports seven button controls including a dedicated 
‘Menu’ and ‘Back’ button as well as four navigation buttons 
and a ‘Go’ button. A laptop bag with this technology would cost 
about A$200. ElekTex has become the standard among leading 
clothing and electronics brands for advancing the wearable 
technology market.
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Touch-sensitive fabrics
ElekTex is an electro-conductive fabric touch pad optimised 
for the creation of flexible, durable and rugged fabric 
interfaces. It provides opportunities for those looking to 
develop novel wearable technology, innovative consumer 
electronics accessories and other products. ElekTex 
fabrics are constructed from woven layers of nylon and 
carbon-impregnated nylon that are not only bendable, but 
washable. Because of the nature of the material, it can 
be sewed, glued or even heat welded into other fabrics. 
The control and display surfaces can be embedded on 
any garments. The touch sensitive fabrics can be used to 
control music on an iPod from the jacket sleeve. As shown 
in Figure 28, the iPod control accessories are detachable. 
If they need to be replaced, there is no need to buy a 
whole new garment. Many similar concept products have 
been developed by different companies and research 
institutions. Marks & Spencer stores are selling electronic-
enabled business attire as shown in Figure 29. 
 Figure 28 Elektex smart fabric controls for iPod. Image courtesy <www.koyono.com>.    
Electronic Controls
Sensor
NOTE: Dial indicators transposed for reference. Each 
BlackCoat for iPod pre-made with PVC control pad.
  
Figure 29 iPod suits from Marks & Spencer. Image courtesy <www.koyono.com>.    
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Figure 30 A bag equipped with a 2.5” QVGA display and keypad embedded in the bag fabric. Image courtesy <www.koyono.com>.  
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Glow-in-the-dark clothing
Researchers at the University of Manchester have developed 
a high-tech battery-powered textile yarn that can be used 
to make clothing glow in the dark. The yarn consists of an 
inner conductive core yarn, coated with electroluminescent 
ink and a protective transparent encapsulation, with an outer 
conductive yarn wrapped around it. When the yarn is powered 
with an inverter the resultant electrical field between the inner 
and outer conductor causes the electroluminescent coating 
to emit light. The emission of light occurs at the contact 
points between the outer yarn and the inner yarn. Emergency 
services, highway maintenance workers, cyclists, joggers and 
pedestrians who wear the glowing garments are highly visible 
in the dark. The yarn could also be potentially used to make 
flexible fabrics for image or word communication, such as 
displaying advertisements on a garment.
   
Solar panel textiles for power generation
An outdoor lifestyle creates the need for textiles to incorporate 
flexible solar panels that provide electricity for supporting 
portable devices like cell phones, computers or digital media 
players. A solar cell is a device that converts light into electricity 
using a photovoltaic effect; it can be used to power equipment 
or recharge a battery.
The Solar Bikini, as shown in Figure 31, has been developed for 
those who want to be at the beach all day while listening to 
music. The bikini is fitted with photovoltaic film panels and a 
USB connection that can supply the 6.5 volts @ 1.5 amps needed 
to charge an MP3 player, iPod, mobile phone or beverage cooler 
(with a Peltier junction). The male version of the Solar Bikini is 
called the iDrink (it also powers a beverage cooler).
Figure 31 (A) (B) (C) Solar bikinis for power generation. 
  Photo (A) courtesy talk2myShirt (2009). Photo (B) courtesy  
  Preston Moon. Photo (C) courtesy Andrew Schneider.
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Clothes with tracking devices
Clothing like shoes and snow coats can now be integrated 
with global positioning system (GPS) and mobile phone 
technology, which can position the wearer and give the 
wearer directions. GPS tracking devices were developed 
primarily to track small yet often highly valuable assets. 
However, due to relatively low costs, small size and ease 
of fitting, the technology is generating huge interest in 
building tracking into clothing, for example the Trackable 
Clothing range, which incorporates GPS tracking directly 
into garments. The clothing is waterproof and self sufficient 
as the GPS tracking system is powered by natural or even 
artificial light. It allows the wearer to be located almost 
anywhere in the world and from any internet connection. 
Mobile communication via an inbuilt microphone and headset 
is also an option. The clothing range includes safety jackets, 
outdoor and wet weather jackets such as those used when 
skiing, and school backpacks and satchels. GPS tracking can 
also be embedded in body armour and life jackets, and other 
wearable items for monitoring the wearer’s movement for 
safety and security.
From the same concept but using cheaper electronic 
components, a British company, Blackburn, manufactures 
an electronic child tagging system, a small radio transmitter 
called the Toddlertag. It is sewn into clothing or worn as a 
bracelet to alert parents or guardians if a tagged child moves 
out of predetermined range.
Pyjamas/nappies for bed-wetting treatment
Nocturnal enuresis, or bed-wetting, is a common problem 
occurring in up to 20% of children at age five. Bed-wetting 
causes embarrassment and distress in children and anxiety 
in parents. A good treatment is the use of an alarm that is 
triggered when the child wets the bed. A small device, usually 
clipped to the pyjama top, is connected to a sensor clipped 
to the child’s underpants or a pad placed inside the child’s 
underpants. When the sensor is wet, the device rings (or 
vibrates). This trains the child’s sleeping mind to wake up when 
the bladder is full. 
Such technology is also used to deliver quality care to residents 
of aged care facilities and other incontinence sufferers.
Thermoregulated textiles and clothing
Heat-storage and thermoregulated clothing are designed to 
make wearer more comfortable during extreme temperature 
changes. When the environment temperature changes 
dramatically, the next-to-skin temperature is stabilised in the 
comfort range between 31 and 35°C in the heat-storage and 
thermoregulated garment. Smart clothing incorporated with 
phase change materials (PCMs) to regulate body temperature 
is one example. PCMs rapidly absorb large quantities of heat 
as they change from solid to liquid state. That energy is then 
slowly dissipated as the PCMs revert to their solid state. 
NASA recognised the role PCMs could play in regulating 
astronaut temperatures, and set a challenge to the scientific 
community to develop PCM clothing.
Solid–liquid phase change materials initially perform like 
conventional storage materials; their temperature rises as 
they absorb heat. Unlike conventional storage materials, 
however, when PCMs reach the temperature at which they 
change phase (their melting point) they absorb large amounts 
of heat without a significant rise in temperature. When the 
ambient temperature around the material falls, the PCM 
solidifies, releasing its stored latent heat. Within the human 
comfort range of 20° to 30°C, selected PCMs are very 
effective, storing 5 to 14 times more heat per unit volume 
than conventional storage materials such as water, masonry 
or rock. To prevent PCMs leaking out when they liquefy, the 
heat-absorbent material is contained in microscopic balls 
by a microencapsulating technique. These balls are then 
permanently fixed to the fabric. The resultant fabric is a soft, 
flexible and fully-washable material with a unique ability to 
help the wearer maintain a comfortable body temperature in 
a short time. Such performance is desired by racing drivers 
and crew who want to wear approved fire-resistant clothing 
without having to resort to bulky and complex external 
cooling systems to keep cool. The technique is simply to 
attach phase change materials to racing undergarments made 
from DuPont Nomex® flame-resistant fabric.
PCM fabric has a wide range of potential applications in 
medical, aerospace and military uses, where buffering against 
heat is of particular interest. However, PCM fabric may not 
sustain prolonged heat as PCMs do not have sufficient cooling 
capability. Similarly, garments with other thermoregulating 
mechanisms also offer only a limited period against extremes 
of cold or heat depending on the garment construction and 
the temperature of the environment. Thus, a thermoregulating 
function is more useful in an environment in which the 
temperature is quickly changing than in a steady temperature 
environment.
As the human body can warm up with heated clothing or 
thermal blankets interwoven with conductive fibres and 
powered by batteries, a cooling function is one of the most 
desirable attributes of clothing, and active cooling is more 
challenge for thermoregulating garments than heating. 
Recently, a new concept of cooling fabrics has been proposed 
by applying the ‘Peltier effect’ to textile materials. This 
effect occurs whenever electrical current flows through two 
dissimilar conductors; depending on the direction of current 
flow, the junction of the two conductors will either absorb or 
release heat. A noticeable amount of temperature difference 
has been found in conductive polypyrrole coated fabric (Hu et 
al. 2005). This cooling technique is still in its infancy.
In a hot office environment, the most energy efficient way 
to cool down is to cool the body directly, but airconditioning 
cools the entire room. A new concept, the self-cooling 
jacket, uses two small fans sewn at the back of the jacket 
for ventilation. The fans are powered by a pocket-sized 
rechargeable battery pack to circulate air across the wearer’s 
skin, evaporating perspiration and keeping temperatures 
down. The clothes keep the wearer comfortable, even in 
sweltering heat, while using just 2% of the energy of a small 
air conditioner. However, they give wearers a portly look as 
the fans puff out the garments with air.
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Shape-memory polymers
A lot of materials, such as metallic alloys, ceramics, glasses, 
polymers and gels can be engineered to have shape memory 
effects. Shape-memory polymers (SMPs) are an emerging 
class of active polymers that have dual-shape capability. They 
are smart materials that, as a result of an external stimulus 
such as temperature, can change from a temporary deformed 
shape (shape A) back to an original shape (shape B). Shape 
A is a temporary shape that is obtained by mechanical 
deformation and subsequent fixation of that deformation. This 
process also determines the change of shape shift, resulting 
in shape B, which is the permanent shape. The stimulus 
could be heat, light, electric fields, alternating magnetic 
fields or water. SMPs are finding an increasing use in such 
areas as smart textiles where they respond dynamically to 
Figure 32 (A) Electrospun fibres of elastin-like artificial proteins (Huang et al. 2000). (B): Time series photographs (a) start to (f) finish that show the 
  recovery of a shape-memory tube in 10 seconds at 50°C (right) (Langer & Tirrell 2004).  
  (Both figures reprinted by permission from Macmillan Publishers Ltd: Nature © 2004.)
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changes in heat and moisture levels, ensuring greater comfort 
and clothing shape for the wearer. Figure 32 (A) shows 
electrospun nanofibres of elastin-like artificial proteins for 
tissues, such as arterial blood vessels, where energy and 
shape recovery are critical parameters. Figure 32 (B) shows 
an example of a thermally induced shape-memory effect.
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Innovative fibres and textiles for  
health and safety
Health, safety and environmental concerns are a driving 
force behind developing fibres and textiles for personal 
wellbeing, hygiene and comfort. For this purpose, textiles are 
often blended, coated or treated with various substances 
to enhance the material functionalities. Table 13 lists some 
examples:
Table 13 Functional textiles for hygiene and comfort.        
 
Function
 
Deodorisation
Antimicrobial 
and protection 
from germs
Negative ion 
generation and 
far-infrared ray 
emission
Example methods
 
Finishing textiles with natural mineral 
materials containing a mixture of 
different nano-sized (< 70 nm) metal 
oxides such as TiO2, SiO2, etc.
Exposing fibre/textiles to sunlight and 
activating the deodorising effect. 
Incorporating antimicrobial agents 
(such as chitin, active carbon, cationic 
surfactants, silver, copper, TiO2, SiO2, 
antibiotic, etc.) into fabrics or protective 
devices.
Finishing fabrics with particles of 
natural silicate minerals (ceramic/
tourmaline), natural rare-earth minerals 
and natural sediment with ultra-fine 
pores or photocatalyst.
Remark
 
When photocatalyst (such as TiO2) is stimulated by light 
(UV light or visible light) it will generate a very high level of 
antibacterial, deodorising, dirt prevention, air purification, 
hydrophilic effects etc. and the organic compounds or 
bacteria which stick to its surface can be removed. 
 
Heavy metals such as silver have an extensive 
antibacterial and sterilising function by disturbing the 
metabolism of bacteria and removing the function of 
reproductive organ of bacteria. Silver kills bacteria in six 
minutes.
Ceramic and photocatalyst emit far-infrared ray and 
negative ions. 
Can be used in clothing, bedding supplies, indoor home 
furnishings, tablecloths and towels etc. The health benefits are: 
–  Purify air, relieve tiredness and pain, and improve the  
 health of the human body.
–  Life-giving oxygen molecules are negatively ionised.
–  People surrounded by negative ions show a pattern  
 of brainwaves that suggest increased alertness and  
 relaxation. 
–  Negative ions have an antibacterial and deodorant  
 effect. They can destroy and extract from the air  
 certain types of bacteria that cause cold, influenza  
 and respiratory infections.
–  Far-infrared rays promote micro circulation, speeding  
 the metabolism and eliminating pains etc. They also  
 have a much improved warmth keeping effect.
Fibres and textiles can be engineered to have special 
performance and functionality in medical applications. 
Fibrous scaffold is an example. Cells cannot survive alone; 
they are substrate-dependent for their proliferation. There 
is no universal scaffold that meets all the requirements of 
various tissues. Each scaffold for a tissue requires particular 
mechanical properties, optimum design and consideration 
of microstructural, chemical and biological aspects. Fibrous 
structures are therefore attractive to tissue engineering 
because of their ability to tailor a broad spectrum of scaffolds 
with a wide range of properties. In a recent review, Cookson 
and Wang (2007) examined the medical applications of fibres 
and textiles and presented more examples.
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8  Opportunities for    
 Australian companies
There are diverse business opportunities and technical 
challenges that lie ahead in high-growth applications of 
performance and functional fibres and textiles, such as body 
and vehicular armour, high-performance rope and cordage 
and sporting goods, as well as in the blast-resistance, 
marine, aviation, aerospace and automotive markets. As in all 
markets, adding value through innovation and differentiation 
is crucial to success. Developing new technologies in this area 
will require the collaborative effort of fibre suppliers, research 
specialists, manufacturers and end users, to create products 
that will meet the specific needs of consumers.
Follow the lead of high-tech textiles
According to Industrial Fabrics Association International (IFAI), 
the world of high-tech fabrics and technologies displayed 
at the IFAI Expo 2007 delved into emerging technological 
advances in the high-tech textiles arena: 
•	 Smart	e-textile	innovations:	revolutionary	fabrics	of		 	
 e-textiles, i-textiles, flexible batteries, yarns and circuitry.
•	 Sports	gear	innovations:	new	fabric	sports	gear	and		 	
 equipment; design and manufacturing strategies for the  
 sporting goods market.
•	 Battlefield	textiles:	the	global	textile	marketplace	for		  
 military products made of textiles; worldwide  
 applications and trends for boots, armour, uniforms,  
 battlefields, medical products and tents.
High-performance fibres offer numerous 
advantages over traditional materials. Higher 
strength, lighter weight, higher operating 
temperatures and flame-retardant ability are 
some of the most prominent features of these 
fibres. Although the end uses and their matching 
key attributes listed in Table 14 refer to aramid 
fibres, they generally apply to most high-
performance fibres.
 CENTRE FOR MATERIAL AND FIBRE INNOVATION 53
Table 14 Aramid market segments and key attributes.        
 
End use
 
Composites
 
Protective apparels
 
 
 
Tyres
Mechanical rubber 
goods 
 
 
Friction products and 
gaskets
 
 
Ropes and cables
 
Life protection
Hearle (2001)
End-use systems
Fabrics for aircraft & containers
Pressure vessels
Ship building
Sport goods
Plastics additive
Civil engineering 
 
Heat resistance workwear
Fire blankets
Flame-retardant textiles
Cut-protective gloves
Cut-protective seat cover layers 
 
Truck and aircraft tyres
High speed tyres
Motorcycle tyres
Bicycle tyres 
 
Conveyor belts
Transmission belts
Hoses for automotive
Hydraulic hoses
Hoses in off-shore
Umbilicals 
Brake linings
Clutch facings
Gaskets
Thixotropic additive
 
 
Industrial paper
Aerial optical fibre cable
Traditional optical fibre cable
Electrocable
Mechanical construction cable
Mooring ropes
 
Bulletproof vests
Helmets
Property protection panels
Vehicle protection
Strategic equipment shielding
Key attributes
 
Light weight
High strength
High modulus
Good impact strength
Wear resistance
 
Heat resistance
Flame retardation
Cut resistance
Comfort
 
Low density
Weight saving
High tenacity
Dimensional stability
Low shrinkage
Puncture resistance 
High strength
High modulus
Dimensional stability
Thermal resistance
Chemical resistance
 
 
Fibre fibrillation
Heat resistance
Chemical resistance
Low flammability
Mechanical performance 
 
 
High strength
High modulus
Dimensional stability
Low density
Corrosion resistance
Good dielectric properties
Heat resistance 
High tenacity
High energy dissipation
Low density and weight reduction
Comfort
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Skills and research capability
Establishing the right skills, identifying market needs and 
commercialising textile research are important considerations 
for all Australian high-performance fibre and textile players. 
This report provides some useful information to Australian 
businesses on fibre material capability, development trends 
and the commercial opportunities. The following research and 
education organisations in Australia may be able to provide 
further assistance with R&D in the area of performance and 
functional fibres and textiles.
CSIRO Materials Science & Engineering
<www.csiro.au/org/CSME>
The Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) branch specialising in materials 
including textiles.
Centre for Material and Fibre Innovation, 
Deakin University
<www.deakin.edu.au/scitech/cmfi>
A leading materials and fibre research group with 
multidisciplinary capabilities.
RMIT School of Fashion and Textiles
<www.rmit.edu.au/fashionandtextiles>
A major provider of education, training and research for the 
textiles, clothing and footwear (TCF) industry.
Composites CRC
<www.crc-acs.com.au>
A cooperative research centre for advanced composite 
structures (CRC-ACS), specialising in advanced composite 
research, design and manufacturing.
Key attributes
 
Light weight
High strength
High modulus
Good impact strength
Wear resistance
 
Heat resistance
Flame retardation
Cut resistance
Comfort
 
Low density
Weight saving
High tenacity
Dimensional stability
Low shrinkage
Puncture resistance 
High strength
High modulus
Dimensional stability
Thermal resistance
Chemical resistance
 
 
Fibre fibrillation
Heat resistance
Chemical resistance
Low flammability
Mechanical performance 
 
 
High strength
High modulus
Dimensional stability
Low density
Corrosion resistance
Good dielectric properties
Heat resistance 
High tenacity
High energy dissipation
Low density and weight reduction
Comfort
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Summary and 
recommendation
This report provides an overview of performance fibres 
and functional textiles that have high value-adding, high 
performance and high functionality compared to traditional 
textiles. High-performance fibres are typically used under 
special conditions involving high tensile/compression loads, 
extreme temperatures and/or hostile environments. Such fibres 
often display characteristics such as lightness, dimensional 
stability, high/low electrical conductivity and good thermal 
and solvent resistance. These outstanding properties create 
opportunities to manufacture products that historically could 
not be made due to technical constraints.
Commonly used high-performance fibres include aromatic 
polymeric fibres, polyolefin fibres, glass and carbon fibres and 
conductive fibres. In most industrial uses of high-performance 
fibres, high fibre strength is required. High-strength fibres such 
as Zylon® PBO, Kevlar® and Vectran® are characterised 
by their high strength-to-weight ratio. Weight for weight, 
high-strength fibres are several times stronger than steel, and 
are the best reinforcing materials for advanced composites, 
especially in ballistic-resistant applications such as body armour 
and lightweight armour for military vehicles. 
Carbon nanotubes (CNTs) are superior high-performance fibres. 
They have remarkable nanostructures, electrical and thermal 
conductivities. One unique and promising application of carbon 
nanotube fibres is to produce super strong and light rope for 
space elevators. There have been many attempts to develop 
advanced materials with enhanced mechanical properties and 
improved thermal and electrical conductivity, but to date the 
potential of CNTs has not yet been fully utilised for practical 
applications.
High-performance fibres allow companies to enter niche 
markets, which typically provide higher profits. Every fibre has 
its own application limitation. When engineering a specialised 
product where high-performance properties are paramount, 
a thorough review of each fibre for the properties it brings to 
the product should be considered. Most successful companies 
in the high-performance fibres and textiles area have strong 
R&D support. A combined force of research, manufacturing and 
marketing should be an effective way to enter and sustain a 
business.
High-performance fibres are generally associated with low 
volume and high cost. There is a growing trend to demand 
improved performance in the basic high volume commodity 
type textiles. This stimulates the development of performance 
and functional textiles, which have high value-adding, high 
performance and high functionality compared to traditional 
textiles. As a result, the performance and functional fibres and 
textiles market grows rapidly with strong demand from many 
different consumers. Faced against foreign countries with 
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very low labour production costs for textiles, the Australian 
textile industry needs to focus on innovative and unique quality 
products to remain competitive; consequently, performance 
fibres and textiles may play a key role in its future. There are 
already a number of Australian technologies in this area that 
have had great commercial success, and many companies are 
already making a transition from traditional textiles to high-
performance textiles. 
The main areas where functional textile products are 
highly demanded are health and safety (e.g. military 
applications, medical applications and protection from 
special environments), lifestyle and fashion (e.g. technology 
integrated clothing, climate-controlled clothing, and self-
cleaning textiles) and new technology areas (e.g. space 
technology applications and computer applications). The 
development of new performance and functional fibre and 
textile products should be aimed at addressing the specific 
needs of specific types of consumers or situations. Currently, 
many different types of high-performance fibres are available, 
with a wide variety of unique characteristics to suit diverse 
applications and specific needs. The challenge for developers, 
though, is to identify those specific needs where demand for 
a speciality product is strong. Once this area is identified, 
developers need to work with research and development 
providers to find the optimal method for addressing these 
needs using the functionality of high-performance fibres and 
textiles. Developers should seek to create products with high 
value-adding. However, a sustainable product does not have 
to be more expensive; it can and should be more affordable 
when functionality and costs are optimised.
Regarding the development of functional and performance 
fibres themselves, new research directions should be largely 
aimed at improving the functionality of fibres (giving them 
more or better functionality) or improving their economic 
viability and practical usability for commercial applications. 
Products with multiple functionalities are more attractive.
Performance and functional fibres and textiles have found 
applications in a wide range of areas, from clothing for 
everyday use to airbags for space shuttles. Already, these 
technologies have improved our lives and changed our life-
styles in many different ways. With diverse functionality 
and characteristics, there are numerous uses for these fibres 
and textiles waiting to be discovered; the possibilities are 
limitless. The remarkable technologies we already have today 
are proof that there can be a fibre solution for everything.
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